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With the increased importance of actuator performance in robotic appli-
cations, many robot manufacturers have focused on assuring quality, reliability,
conformance to design, and application suitability in their actuators. Performance
metrics for actuator evaluation have been proposed to improve understanding of
an actuator’s nonlinear characteristics. Thorough actuator testing can provide
necessary feedback information on the effectiveness of the robot actuator for a
specific task. This report describes the development and use of performance maps
and performance envelopes for electromechanical actuators using an advanced dy-
namic dynamometer test bed. Initial test data in the form of performance maps is
created for a range of rated output power and dynamic loading for brushless DC
motors.
The core contributions of this research are the creation and manipulation
of actuator performance maps and envelopes, and the design and development of a
nonlinear test bed for electromechanical actuators. To create a performance map,
specific criteria must be developed to describe the performance characteristics of
an actuator. The performance criteria are formulated to define, anticipate,
vi
and evaluate the performance responses of the system and can provide metrics
for measuring and controlling actuator performance and help identify nonlinear
components in actuator modeling. These criteria form the basis for performance
maps, which is basically a data representation of the criteria over a range of input
and output conditions. A representative set of ten actuator performance maps are
suggested based on several independent control parameters such as current and
voltage, and output conditions such as torque and speed. After completing the
development and analysis of these ten performance maps, the process for building
unique performance envelopes is described. Performance envelopes are created
from performance maps and are defined as the combined optimum surface in the
full set of maps, which satisfy a combination of criteria in each operational region.
Performance envelopes can safely increase the number of control surfaces without
violating actuator constraints. This provides more choices in an operational range
as compared to statically developed torque-speed curves.
For the creation of these performance maps, five test regimes are suggested
such as dynamic loading, static loading, transient response, torque ripple and
statically changing temperature tests. Test regimes are evaluated under two types
of loads: a static loading and a sinusoidal loading. For these test protocols, a
Nonlinear Test Bed for Actuators (NTBA) has been designed and built to measure
and record an array of physical performance properties. The test bed is specifically
designed with the capability to emulate high bandwidth complex duty cycle loads.
It is comprised of a 7.2 kW servo motor (which serves as a dynamic load emulator),
a 26 Nm hysteresis brake, an electromechanical clutch, full sensor array (includes
current, temperature, torque, magnetic flux density sensors) for comprehensive
monitoring of test variables, and supporting motion control hardware to operate
vii
the test bed.
Ten performance maps (i.e., operational margin, efficiency, power losses,
rise time, torque-current, torque ripple, acceleration, max magnetic flux energy,
magnetic flux density, and temperature) for a commercial brushless DC motor
are developed in 3D surface displays using the test bed. The performance maps
collected from repeated tests (more than 20 times for each test protocol) of the test
motor provide an insight into the complexity of the electromechanical response and
also provide metrics for measuring motor current states during operation. Standard
deviation and average values are also calculated and used to develop the upper and
lower error bounds of the magnetic flux energy performance map. In addition, the
Box-Jenkins ARIMA method is used to analyze all of the test data and build a
mathematical representation of sensor derived data with respect to time. This
stochastic ARIMA equation is used to create each data point in a performance
map. The performance map plots are normalized by using the maximum values
over the range of motor operation. One performance envelope plot with respect to
torque and speed is illustrated in this research.
Finally, the performance data plots used in the trade literature and research
papers are compared with the test result plots presented as actuator performance
maps. The performance plots in the literature have several drawbacks for users,
which are the lack of operational values in abnormal operating conditions and the
lack of reference plots to fully describe and enable the management of the perfor-
mance of the motor considering all of the operational conditions. On the other
hand, the maps obtained in the experiments using the NTBA provide enough
metric values to manage the actuator to achieve optimum performance for a mul-
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To improve the overall performance of actuator systems, most researchers
concentrate on finding or developing control algorithms with improved attributes
including: stability, robustness, disturbance rejection, etc [17], [107]. The belief is
that control techniques could reject most nonlinear disturbances, enhance transient
responses, and determine the best output performance for the system. However,
traditional control theories do not tell us the system response when operating under
extreme or abnormal conditions. For example, when an actuator runs at high
speed with a temperature greater than 200◦C, control techniques do not predict
whether or not the output torque will deteriorate at a certain time. Furthermore,
traditional control methods do not determine how fast the rotor accelerates when
the actuator is subjected to a very high current surge for a brief interval.
Up until now, most control theories have required comprehensive physical
modeling to convey mathematical meaning. However, it is difficult to represent
the system completely, and to model even simple mechanical and electrical sys-
tems with particular parameters. This is primarily due to the nonlinear properties
of these physical systems. The nonlinear properties include Coulomb friction, sat-
uration, dead-zone, backlash, hysteresis, quantization error, etc. Modeling electro-
mechanical systems including these nonlinearities has been attempted by using
the differential equations to operate and guide all of the responses for the sys-
tem. Typically, pedestrian electromechanical motor users do not care whether the
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electromechanical system contains certain nonlinear properties. These users are
more interested in at which speed a motor runs into a limitation of maximum
torque output, how the efficiency of the system can be improved under certain
environmental conditions, and whether their motor can generate the maximum
torque under different conditions. Also, users often realize how much power is
lost during one period of a machine process and develop some way to improve the
machine’s cooling mechanism. To better accommodate the average user, this re-
search focuses on the motor responses in operational regimes for electromechanical
actuators. These regimes are interpreted as criteria spaces that represent aspects
of system performance (outputs) or as aspects of system control (inputs).
Typically in research, modeling of the system is accomplished using spring,
mass, and damper components to form the governing linear differential equations.
However, due to the complexity of the real system, it is still difficult to find the
appropriate PID control gains, which can cover all of the operational range in the
system. For improved control, gains should be adjusted for different operational
areas based on the difficulty of control, increment of uncertainty, and reduction
of the error. Managing the overall processing range of the real mechanical and
electrical applications by changing controller gains is called gain scheduling.
Gain scheduling is a form of nonlinear feedback method of a special type
which has a linear controller whose control parameters are changed as a function
of operating conditions in a preprogrammed way. It has the drawback that it
may be time and cost consuming to build a schedule. Currently, auto-tuning,
which is used in adaptive control, is used to build gain schedules but it should
be improved to cover much larger range of control parameters to obtain better
operational performance of electromechanical actuators [5]. Auto-tuning also needs
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incorporate automatic modeling and design in a controller, so it simplifies the use
of the controller and it does not apply for complex system any more. Similarly, the
control engineers developed adaptive controllers to track small variations in system
parameters in the case of time-invariant or steady state operations1. However, this
controller could lose its effectiveness in certain domains of operation due to the
uncertainties found in any model. Another control systems approach for doing this
is to use the concept of a robust controller, but it also has similar limitations due
to system dynamic equations with a limited operational region. Based on these
limitations a different approach to intelligent control is developed in RRG. This
approach will be implicitly time dependent and generate 90% of control efforts
for the overall control strategy of the physical system. The rest of 10% can be
managed by the traditional control methods as mentioned above.
In this report, performance maps, based on the complete knowledge of all
operational restrictions and regimes, are suggested and provide the knowledge to
help attempting to develop the highest performance actuator controller. If all of the
responses and conditions in an electromechanical motor are identified before it is
actually used in a real application, the system might be more effectively controlled
for the best performance in the overall operational region. All of the possible
control parameters need to be identified and the extreme ranges of the actuator
performance need to be determined. After accomplishing this, the burdensome
role of feedback controller gains can possibly be reduced dramatically.
To create a performance map, specific criteria must be developed to cover
the entire possible control regime that describes the performance characteristics of
1In real world, system parameters are time-variant.
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an actuator. These criteria can provide metrics for measuring and controlling sys-
tem performance and can reduce the complexity when trying to identify nonlinear
components in actuator modeling. All of the performance maps are represented in
statistical forms presented in Section 5.2. Based on the ARIMA methods suggested
in Section 5.2, all of the nonlinear phenomena including the physical responses of
testing an electromechanical motor can be expressed in algebraic equations which
reduce the system complexity. In Chapter 3, actuator criteria will be explained in
detail. The tests needed for an actuator must consider all of the possible situations
if we are to obtain the guiding maps necessary to drive the actuator in good con-
ditions. The plots generated in the major tests, which are described in Chapter 6,
will visually illustrate a clearer picture of the operational management. They will
describe the property of the system better than the model-based approaches that
rely on ordinary or partial differential equations. Generally, a greater number of
performance maps will provide more choices of control efforts.
The ultimate goal of this research is to develop the performance envelopes of
an actuator in terms of several control parameters. The parameter values recorded
when testing an actuator are obtained from physical sensors, which have their
own limitations and constraints. The performance envelopes are constructed from
one, two, or several sets of these performance maps which are acquired by testing
the actuator in question. The performance envelopes are the guiding surfaces
in particular regions which dominate and govern the control parameters for the
best performance. This region can be expanded depending on the operational
conditions. The envelope indicates the peak metric points in a critical range and
the safe metric values in a particular region to the motor user. These performance
envelopes are determined based on a statistically proven optimization process. In
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Chapter 5, performance envelopes are described thoroughly.
1.1 Intelligent Control Architecture Development
Over the years engineers have realized that a robot’s performance is directly
limited by the performance parameters (such as power density, accuracy, stiffness,
etc.) of its actuators. The reconfigurability of the system also demands mod-
ular actuators with standardized interfaces and embedded intelligent controllers.
This central importance of the actuator has led to the development of an Electro-
Mechanical Actuator Architecture (EMAA) that includes ten different classes of
actuators [102]. Each class in the EMAA represents a specific application domain
such as: low cost volume use in manufacturing automation, high ruggedness in con-
struction machinery, delicateness in microsurgery, intelligence to support condition
based maintenance, or fault tolerance for aircraft safety. Each class is represented
by both rotary and linear motion configurations. The detailed explanation about
the intelligent control architecture for an actuator is given in Ref. [42].
Intelligent actuators as described in the EMAA are highly nonlinear un-
der abnormal conditions and some of them include redundant resources for fault
tolerance. The purpose of initiating this intelligent control study is explained as
follows. The conventional linear models using feedback control [23] are insufficient
to obtain the maximum performance that can be derived from an increased set of
resources. By using the linear model for a physical system, the desired output can
be obtained quite easily, but if the mathematical expression for the system model
includes nonlinear terms, the selection of the gains will be much more difficult.
Moreover, most of controllers concentrate on improving their stabilities in order to
provide the fastest response in a complex system, but they worked correctly only
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Figure 1.1: Actuator management diagram
when the range of the operating parameters was quite small [5], [93]. Because of
this, it is not possible to design the controller gains to operate satisfactorily track-
ing at one operating state and expect it to perform equally well elsewhere without
re-tuning the gains. This is due to the substantial changes of the operating states
in different conditions. To solve this problem, control engineers used gain schedul-
ing to change the controller gains by monitoring the operating conditions of the
process as mentioned above.
The conceptual diagram of the actuator control architecture, which uses a
decision-making system to determine the best performance output for an intelli-
gent actuator, is shown in Figure 1.1. The key building blocks of this intelligent
control approach are the actuator criteria and performance maps of which are
constructed in this research. The performance criteria are defined as the decisive
factors to define, anticipate, and evaluate the performance responses of the sys-
tem. The quality of an actuator’s outputs can be evaluated quantitatively based
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on the properly defined performance criteria. The criteria, built in this research,
are diverse enough to characterize as many aspects of performance as can be de-
duced from the physical state of an actuator during a task. These criteria become
the basis to create the performance maps, which is the metric visual expression
of performance criteria, when considering all possible situations and conditions.
The performance maps developed from tests are based on independent operational
parameters and states, and represents all nonlinear properties of the actuator. A
generalized actuator parametric model that represents all nonlinear properties will
then be developed using these performance maps. Also, in order to complete the
intelligent control, the decision-making algorithm necessitates sensor models that
are based on real-time sensor data. Actuator criteria, which are the focus of this
paper, will be the references against which to compare the collected sensor data,
and the sensor data are based on the parametric models.
Once effective actuator performance criteria are developed, the next step
is to send collected data to a decision-making system that can use these criteria
which we have developed to achieve performance goals specified by the user. Key
requirements of this decision-making system are its ability to combine and resolve
conflicts among performance criterion that are nonlinear and coupled. Research
done at the system level (i.e., the full robot software) has suggested the use of
direct-search techniques, heuristics, and nonlinear optimization. Limitations of
these approaches have been their inability to handle global optimums, compu-
tational inefficiency when nonlinear optimization is used, and a lack of physical
meaning of some of the criteria. Decision-making at the actuator level should be
relatively direct as the criteria themselves have clear physical meanings and are
less volatile when compared to the system level criteria.
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The decision-making system can be used to determine the maximum perfor-
mance envelope for an actuator from a complete set of performance maps. These
maps are based on a specific set of performance criteria. These particular maps
will have several different layers in terms of the same reference control parameters
regarding different input loadings. The performance envelope is the combined op-
timum surface in the full set of maps, which satisfies the desired criteria in each
operational region. Performance envelopes can be used both to aid in the actuator
design process and they can also be used as the constraints for high performance
control. For design, a wide variety of actuators will be tested so that their per-
formance maps can be correlated with design parameters. Once an array of maps
is available, it will be possible to accurately estimate the performance map and
envelope for untested actuator designs.
Figure 1.2: New control strategy based on actuator criteria
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Figure 1.2 shows how the decision-making algorithm based on the perfor-
mance maps and envelopes is added to normal conventional control theory. The
decision-making algorithm is used just like a feedforward controller. The feedfor-
ward design has been used to significantly reduce the reference error in trajectory
following systems. This method is an open loop control method, so it does not
affect the loop stability and dynamic response. The educated guidance directed by
the decision-making algorithm will generate a bias signal through the feedforward
path. The feedback signal from the output sensor eliminates the very small portion
of the residual error. The input command to the plant (i.e., a system model) is a
torque signal which is combined from the controller and decision-making algorithm.
The decision-making algorithm accepts two inputs. One is from the performance
maps/envelopes based on actuator criteria and the other comes from the real time
sensing signals from the sensors installed in the test model. As mentioned before,
the performance maps/envelopes have already been built in for guiding and con-
straining the operational performance of the actuator. The sensors installed in the
test actuator will send the signals to the decision-making algorithm in real time
in order to determine the optimum torque control value for the best performance.
During the operation of the system, the controller gains (i.e., Proportional, In-
tegrated, and Derivative gains) will be changed with the proper combinations of
the gain values as scheduled in off-line. The detailed explanation for the decision-
making control of the intelligent actuator is in [42]. This research is focused
on the development of the actuator criteria and the generation of performance
maps, which are the most crucial and foundation work for the construction of the
described intelligent actuator architecture system.
There are some application areas that are keys to the intelligent control
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above the decision-making system as shown in Figure 1.1. For example, fault tol-
erance will be useful for high cost systems in space and aircraft, whereas Condition-
Based Maintenance (CBM) will be essential for low cost maintainability (say in
manufacturing). All these application areas will be dealt with by using a unified
description of an actuator as represented by the performance criteria. This leads
to a clean architecture that separates the specifications of an actuator from these
applications. It should be noted that each of these application areas may put
specific demands on the criteria and that new criteria may need to be added to
address them. The CBM component shown in Figure 1.1 will track all performance
criteria and develop a historical map of all their indices. Any deviations from this
map could be as a result of impending failure. Multivariate analysis can then be
used to detect this variation and relate it to a bounded list of fault classes [42].
The advantage of the approach (that uses criteria as a basis for decisions) is that
it best combines the best parametric model and sensor data into a unified decision
making structure.
Fault tolerance will also benefit from this research. Fault tolerance in an
intelligent actuator results from duality in every active component of the actuator
such as motor, brakes, gear trains, etc. and allows the system to function with
degraded performance after a fault. To fully utilize the redundancy in this sys-
tem (under normal conditions) and reallocate resources (when under fault), new
actuator criteria must be developed. Under faults, conflict resolution and resource
allocation in near real time will be the key responsibilities of the decision-making
system.
At the core of the EMAA is the prime mover. Currently, the prime mover
under consideration is a Permanent Magnet Synchronous Motor (PMSM). Since
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the prime mover is the most actively controlled part of the actuator, we are cur-
rently focused on the development of performance criteria for its operation. The
availabilities of the performance criteria is described in Section 1.2.
1.2 Literature Survey of Performance Criteria and Maps
To evaluate the performance of a specific actuator, many researchers and
manufacturers have investigated to try and find out the best way to quantify
the performance metrics for actuators. Several efforts for performance evaluation
of the electromechanical actuators were introduced, but none of them included
the complete set of performance maps and envelopes to maneuver for the best
operational conditions.
Morrell and Salisbury proposed performance criteria for electromechanical
actuator evaluation [64]. They asserted that quantitative metrics for the task per-
formance would improve understanding of an actuator’s nonlinear characteristics.
They described how the performance of the manipulator was affected by the con-
trol system for the actuator. Most of their performance criteria were also obtained
in the frequency domain. The approach using the performance criteria to improve
and evaluate the response of the real electric actuator was introduced in Ref. [80].
The performance criteria of the switched reluctance motor (SRM) were described
and they were used to optimize the performance of the SRM. Some of them are
used in this report, such as efficiency, torque ripple, torque output, and noise.
These reference control parameters used in [80] were turn-on angle, turn-off angle,
reference current, and size of the hysteresis band. Note that the permanent mag-
net synchronous motor (PMSM) has only one reference control parameter (such as
current). The 3D plots of performance criteria in [80] represented efficiency and
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torque plots based on those four reference control parameters. Also, they men-
tioned the control parameters should be selected using optimizing strategies for
different operational regimes in order to maximize the benefits that can be derived
from properly chosen performance criteria. For example, at higher speed, a torque
ripple is less important. Due to the kinetic energy of the system, the inertia of the
system will mash the torque ripple.
Neumeyer et. al. [67] introduced seven performance limiting factors to eval-
uate if the operational conditions of a motor were out of range. In practice, the
rating values attached in the nameplates of the electric machines (motors) were
mostly non-feasible and they usually operated over a wide range of load, speed,
and power factor about varying pulse repetition. The overall machine performance
maps were shown as a function of power factor and cyclic frequency. The limiting
factors for the best performance were also divided into two categories: those that
required a long period to register their values, such as stator and field winding
temperatures, and those for which the values could be changed instantaneously
such as stator and field currents, stator voltage, and instantaneous torque.
Nine quantitative performance criteria were presented in [94] and most of
them were used to meet the design specification for electromechanical actuators in
reference to robot applications. They discussed the roles of compliance and iner-
tia in the structure of a robot actuator in the context of force and motion control.
Their approach for performance criteria was, also, a model-based method since the
performance criteria suggested in the paper were used to determine the location of
poles and zeros on the complex plane in an effort to design proper mechanical pa-
rameters. However, Smith and Jacobsen mentioned that the difficulty of modeling
complex systems reduced their utility in design. Kuribayashi [50] used power and
12
energy divided by mass and volume to evaluate ten linear and rotary actuators,
and he named them as power density per unit mass (PDM), power density per unit
volume (PDV), energy density per unit mass (EDM), and energy density per unit
volume (EDV). He compared several different kinds of actuators, such as hydraulic
cylinder, pneumatic cylinder, stepping motor, piezoelectric actuator, etc., by using
the four different values along the force and speed axes. However, these four values
were not enough to evaluate the actuator in such a manner that one could evaluate
the overall actuator performance capability. Performance criteria which can cover
all of the possible operational conditions needs to be developed in further study.
Visualizing and quantifying performance criteria of mechanical systems has
been used in other industrial applications for a long time [7], [19], [28], [70], [72].
Engineers obtain the sensible data in a variety of different experimental settings.
By analyzing the data and graphically displaying them, the users can predict the
response in many different situations and evaluate the performance of the particular
system. These complex systems have been difficult to model mathematically due
to the requirement that they need to demonstrate the performance improvement
in a physically understandable way.
The Performance Criteria and Maps Approach (PCMA) has been use to
understand automobile engine systematically for more than 30 years. Baker and
Darby developed an engine mapping method to determine engine calibration [7].
The task of engine calibration was very complex because of the large number of
engine variables in the overall range of engine operation. For optimum engine
calibration, they developed torque-speed look-up tables in different transmission
ratios. Based on these tables, several engine control parameters were determined by
experiments. Another good example of the PCMA applied to automobile engines
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was presented in [97]. To evaluate the performance of a spark ignition engine,
Stevens et. al. [97] built a map of engine stability and combustion performance
parameters. Their approach was valuable because they showed a statistically gen-
erated matrix of test data and performance maps from this experimental design
method. Based on [97], an idea of first collecting the experimental data from en-
gine tests and then using a post processing technique, a statistical approach was
formulated. They showed qualitative and quantitative trends of engine behavior
in the graph. Golverk generated the generalized normalized diesel engine perfor-
mance maps through experiments [29], [30]. The engine performance maps were
obtained for both constant and variable load under normal and extreme conditions.
He also developed parametric equation models in the form of second order poly-
nomials. The polynomial coefficients were determined empirically with less than
0.5% error. Also, he developed the mathematical expression of the performance
maps for an internal combustion engine based on the mathematical correlation
among the parameters [28]. The coefficients in each term were determined by a
statistical regression method. Onder et. al. [70] generated loop-up tables to repre-
sent the nonlinear operational conditions for the internal combustion engine using
a dynamic test bench. The test procedures that he created in the engine tests
were very similar to the test method which are contained in this report. They
measured several engine signals to decide the optimum values of the spark advance
and the air-to-fuel ratio, which then became the main control parameters for the
best performance in internal combustion engine.
In addition to the usage of these engine performance mapping methods in
automobile industry, PCMA has been a useful tool for the evaluation and con-
trol of hybrid electric vehicles including internal combustion engines and electric
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motors. For high fuel economy and exhaust emission targets, which were their per-
formance optimization goal, automobile drivetrain hybridization (using two types
of energy converters rather than just one) has been considered by the government
and industry Partnership for the New Generation of Vehicles (PNGV) effort for
last ten years [19]. The initial studies at National Renewable Energy Laboratory
(NREL) derived the development of the vehicle performance simulator, ADvanced
VehIcle SimulatOR (ADVISOR). By using this performance analyzing software,
they created the performance maps for the operational regime and predicted the
electric vehicle performance, range, and fuel economy. To do this, ADVISOR used
the fundamental equations of vehicle dynamics coupled with efficiency and power
loss component. Rizzoni et. al. [82] also developed a simulation package using
performance maps to find the operational optimizing solution of the control pa-
rameters for hybrid electric vehicles. Paganelli et. al. [72], [73] used the concept
of engine performance maps to formulate the instantaneous power split between
an internal combustion engine and electric motor in parallel hybrid vehicles. By
using the appropriate scaling and parametrization of their efficiency characteris-
tics combined with their control strategy, they were able to provide a powerful
performance simulation environment.
There are some more examples that apply PCMA in machine industry.
Sieros et. al. [89] described a method to model the performance maps of compres-
sors and turbines in a jet engine. They generated the performance maps for a jet
engine in order to monitor the engine conditions and to diagnose for faults. They
used tabulated functions as well as interpolation to cover all of the operational
range. The maps were created by tests and compared the experimental data to
estimated values with scaled independent variables. Other methods include the
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analytical functional method, a least-square method and a nonlinear regression
which were used to determine the coefficient values of the polynomial equations
using the experimental data. Chen et. al. [15] presented the effect of the power
loss of a rubber V-belt continuous variable transmission (CVT) at constant run-
ning speeds and during acceleration in a continuous changes of speed ratio. The
dynamometer constructed in [15] was very similar to the test bed in this report.
The dynamometer measured the speeds and torques of the driving and driven pul-
leys so as to identify the losses and efficiency of the CVT. In order to identify
torque or speed loss in transient operational condition, more efficiency plots were
drawn with respect to different operational conditions of torque and speed.
1.3 Research Objectives and Overview
The goal of this research is to generalize actuator test data in the form of
performance maps which would document the characteristics of a representative
permanent magnet synchronous motor, with a range of rated output power, under
dynamic load operations. A collection of performance maps is our approach to
representing the complexity of the actuator response to control inputs (in both the
model and the sensor data) and also provides metrics for measuring the actuator
states. These actuator criteria maps can be used to build performance envelopes,
and to provide a reference basis for CBM and fault tolerance. Figure 1.3 shows
the overall procedure to obtain a performance map.
The state values of interest from the sensors in the test bed are position,
velocity, torque, temperature, voltage, current, and magnetic flux density. How-
ever, the parameters measured by the embedded sensors in the test bed include
signal noise, so mathematical tools are utilized to reduce this noise content. The
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Figure 1.3: Procedure for the development of performance maps
raw data from the test bed are conditioned by a stochastic processes, developing
dynamic regression models, and tracking the test protocol of the actuator. Addi-
tionally, the data obtained in real time will have associated upper and lower error
bounds to indicate the uncertainties in the sample data. Once all of the data sets
are collected, they are combined based on each actuator criterion. The preferred
maps are continuous, limited in magnitude, implicitly time dependent, graphically
clear, and vary significantly over the actuator’s regime of operation. A full set of
performance maps based on operating criteria can be generated using appropriate
operational parameters monitored during the full range of tests.
The actuator test bed data can be used to determine the maximum per-
formance envelope for a specific actuator (based on a specific set of performance
criteria) from a complete set of performance maps. Figure 1.4 represents the con-
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ceptual idea for generating the performance envelope from several criteria maps.
A particular map will have several different layers based on the different input
loads with the same reference control parameters. The performance envelope is
the enclosing line with the maximum performance capacity from the full set of
maps which meets with the desired criteria for the specific actuator.
Figure 1.4: Conceptual idea for a performance envelope
Performance maps can aid in the actuator design process, they can be used
to increase control performance, and they can be used to generate performance
envelopes for use in CBM and in other decision-making functions. For design,
a wide variety of actuators will ultimately be tested so that their performance
maps (perhaps 20) can be correlated with design parameters. Once an array (i.e.,
from 30 or more different actuator types) of maps is available, it will be possible
to estimate the performance maps and envelopes for untested actuator designs.
Further, we will show how to guide the designer and operator to mix a selected set
of performance maps to create a performance envelope to best meet the operating




2.1 Overview of Prime Mover Technology
There are two major types of DC motors. The first is a brushed DC motor
and the second is a brushless DC (BLDC) motor. The DC motors shown in [49],
[83] have in common the use of brushes and commutators to distribute current
through the windings as the motor rotates. The DC brushed motor has two main
parts: the stator part and the rotor part. The rotor may be of cylindrical or
disk shaped and contain a symmetric winging made of identical coils connected in
series to the insulated copper sectors of the mechanical commutator. The current
injected through the brushes is sent to the rotor coils through the commutator
copper sectors in pace with the rotor position. The mechanical commutator is an
inverter which changes the switching frequency depending on the number of poles
and the rotor speed.
In case of the brushless DC motor, this mechanical switching is replaced
with electronic switching. These motors are not called AC motors even though
alternating currents (ACs) are supplied to the motor. The shape of the motor
command voltage is a sine wave but the output current from the motor is a di-
rect current (DC). A brushless DC motor driven by three sinusoidal currents in
three phases adds further confusion because all phases are active and the current
waveforms are sinusoidal. Bose [10] refers to this motor as a permanent magnet
synchronous motor (PMSM).
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BLDC motors use position feedback to keep input waveforms synchronous
with the rotor position. The motors and theory described in this section are specif-
ically limited to the continuous rotation motors that commutate electronically and
have the same basic motor operation characteristics as the DC servo motor. The
BLDC motors with the proper electronic control system can be substituted di-
rectly for the mechanically commutated DC motors and provide the same output
performance.
2.1.1 Electric Motor Fundamentals
The fundamental equations for a simple electric motor include two magnetic
field equations as shown in Equations (2.1) and (2.2). When a current carrying
wire is placed in a magnetic field such that the current flow is perpendicular to the
direction of the field, a force is exerted between the field producing element and
the wire as shown in Figure 2.1. The conductors are shown wrapped around the
square stator. The force is the product of the strength of the field, the length of
the wire, and the current in the wire as follows
F = ilB (2.1)
where F is in newtons, B is magnetic flux density in Tesla, l is the length of
conductor in meters, i is current in amperes. The direction of the force will depend
on the orientation of the magnetic field and the current direction in the wire.
The exact opposite effect on the foregoing discussion is observed. If the
wire is disconnected from the current source and the field is moved in a direction
perpendicular to the wire, a voltage will be measured across the ends of the wire.
The magnitude of the voltage, E, depends on the flux density, B, the length of the
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Figure 2.1: Current carrying wire exposed to a magnetic field
wire, l, and the velocity of the rotor, v, with which the wire is moved through the
field, or
E = Blv (2.2)
The force on the conductor in the magnetic field can be controlled by changes
in B, l, or i. In motor design, B is affected by the type of permanent magnet
material and magnetic circuit design, l is affected by the length and number of
active windings, and i is the current carried in the wire. The generated voltage is
similarly controlled by changes in B and l and by velocity (rotor speed). Figure
2.2 represents a wound two pole brushless DC motor. The windings are wrapped
around the stator. The magnetic flux density is developed in the magnetic circuit
comprised of the north and south permanent magnets and two parts of the stator
core. If current is applied to the conductors as shown, the force F from Equation
(2.1) is imparted tangentially to the rotor, and torque results in the direction of
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the arrow. If the current source is removed and the rotor turned, an alternating
voltage will appear across the terminals as shown in Figure 2.2.
Figure 2.2: Basic one phase, two pole brushless motor
2.1.2 General Permanent Magnet Motor
In permanent magnet actuation technology, there are two kinds of motors,
Permanent Magnet Synchronous Motor (PMSM) and Brushless DC (BLDC) Mo-
tor. The difference between them is in the shape of the back EMF. That is, the
PMSM has a sinusoidal back EMF while the BDCM has a trapezoidal back EMF
[76]. This section focuses on the model of a PMSM. This motor consists of a
steel rotor, a position sensor mounted on the rotor, an electronic circuitry, a logic
controller, and a stator [95]. The steel rotor has strips of permanent magnets
mounted on its surface. These magnets create magnetic fields that interact with
the magnetic fields produced in the stator windings to generate torque. The po-
sition sensor, which is connected to the rotor, is generally either an encoder or a
resolver. This sensor provides accurate information about the angular position of
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the rotor, which is used in the commutation of the currents in the stator windings.
The electronic circuitry commutates the currents in the stator windings according
to control signals provided by a logic controller. This controller sends low volt-
age signals to the electronic circuitry to produce the commutation of the currents
in the stator windings. The controller uses the angular position provided by the
position sensor to produce the torque demanded by the actuator. Finally, the sta-
tor is constructed with three phases, which are generally Y-connected. Constant
switching of the currents in the phases of the stator intends to produce a constant
torque on the rotor of the motor.
A set of first order differential equations that explains the dynamic behav-
ior of a PMSM can be obtained as in [36]. This set can be simplified by using a
general mathematical transformation known as the d -q transformation. The d -q
transformation uses the properties of trigonometric identities to remove the sinu-
soidal terms that appear in the equations due to the back EMF. The simplified
set of equations, known as d -q equations, is simpler to use than the original set
[36]. However, the set of equations was obtained under the assumption that the
flux linkage and the currents in the phases are linearly related. In the presence
of magnetic saturation, this assumption is not valid. The flux linkage terms in
the set of equations are no longer linear functions of the currents and the angular
position of the rotor. Therefore, a new set of equations that takes into account
this condition should be obtained to explain the dynamic behavior of the motor
under the saturation phenomenon. Previous efforts [36], [18] have been made to
obtain the nonlinear relations of the flux linkage, the currents, and the angular
position. In this report, based on the fully explained mechanism of brushless DC
motor, actuator performance will be evaluated.
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2.1.3 Sinusoidal Commutation
Figure 2.3 schematically shows a typical brushless motor wound with three
phases and the voltages between the phases when the motor is run as a generator
at a constant speed. The motor is wound to provide overlapping, sinusoidal three
phase voltages, electrically 120◦ apart. In this case, the motor has two poles, so
the electrical angles equal the mechanical angles. Increasing the number of poles
will increase the number of electrical cycles for each complete rotation of the rotor.
The points of north and south balance for each winding occur where the voltages
go through zero and reverse polarity. It is the method and type of winding, as well
as the geometric and physical characteristics of the rotor and stator that create
the sinusoidal shape of the terminal voltage, the back EMF (electromotive force)
of the motor.
In general, the best position for commutation is that point at which the
back EMF waveform is centered between commutation points. Commutating at
the zero crossing of the back EMF waveform is ineffective since there is no resultant
torque no matter how much current is applied to the phase. Peak torque per unit
current for a running motor is achieved by using a maximum in the current at the
peak of the back EMF waveform.
2.2 Magnetism in Permanent Magnet Motor
2.2.1 Magnetization and Ferromagnetism
The quantities used to describe the strength of a magnetic field are the
magnetic flux, ϕ, in units of Webers (Wb) and the magnetic flux density, B, in
units of Webers per square meter (Wb/m2), or Teslas (T). Magnetic field strength,
or magnetizing force, H, in units of Ampere per meter (A/m), is the current
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Figure 2.3: Commutation in delta winding [47]
used to generate magnetic flux density. Also, it is a physical property to measure
the magnetization of the ferromagnetic material. Magneto-motive force (mmf ) is
defined by the total current (Ni) encircling the flux path. N is the total number
of wound coils. The unit of magneto-motive force, F, is often called an Ampere-
turn. Magnetic reluctance, R, also can be defined by the constant of proportionality
between magnetic flux, ϕ, and magneto-motive force, F [25], [74]. When a material
is placed in a magnetic field with strength, H, the interaction between the external
and internal atomic moments increases the resultant flux density, B. If the induced
magnetism is denoted by the magnetic moment density or magnetization, M, the
flux density due to M alone is given by B = µ◦M, where the magnetic constant,
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µ◦ , has a value of µ◦ = 4π × 10−7 H/m in SI units. The total flux density due
to M and the external field, H, is B = µ◦M + µ◦H. Slemon and Parker [92], [74]
define magnetic susceptibility, χ, as the ratio of magnetization, M, and magnetic
filed strength, H. Therefore, the total flux density becomes
B = µ◦(χ + 1)H = µ◦µrH = µH (2.3)
where µr is the relative permeability of the material to free space and µ refers to
the permeability of the material.
Figure 2.4: Ferromagnetic domains. (a) No applied magnetic field. (b) Applied
magnetic field intensity H [92]
If an iron core of identical dimensions replaces a free space, the total flux
produced by the same coil current is significantly increased. This increase is due
to the phenomenon of ferromagnetism, which is a very important factor in the
process of energy conversion by electromagnetic machines like motors. The direc-
tion of alignment of the magnetic moments in a ferromagnetic material is normally
along the magnetized direction. It has been shown experimentally that a specimen
of ferromagnetic material is divided into so-called magnetic domains, usually of
microscopic size, in each of which the atomic moments are aligned. The alignment
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direction differs from one domain to another [92]. Figure 2.4 shows ferromagnetic
domains.
Figure 2.5: Domain arrangement for various states of magnetization [20]
When a ferromagnetic material is placed in a magnetic field, the magnetic
moments of the atoms tend to rotate into alignment with the direction of the
applied field. Domains in the material in which the magnetic moments are more
or less aligned with the applied magnetic field increase in size at the expense
of neighboring domains that are more or less oppositely aligned to the applied
field. The consequence of such domain wall motion is that the material acquires
a magnetic moment that may be considered as the resultant of all of its atomic
moments. Therefore, the magnetic moment of the specimen provides a measure of
the degree of alignment of the atomic moments [74].
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2.2.2 Definition of Magnetic Saturation
The magnetization of ferromagnetic material is caused by the movement of
magnetic domain walls and the rotation of magnetic domains. Figure 2.5 shows
several states of magnetization. In the figure, the arrows represent the direction
of spontaneous magnetization of each magnetic domain. The ideal demagnetized
state is shown at point O. A direction of spontaneous magnetization in each mag-
netic domain is distributed randomly. When a positive magnetic field is applied,
domains magnetized in the minus direction are eliminated first, by 180 ◦ wall mo-
tion, leading to the distribution shown at B. Further increase in magnetic field
rotates vectors into the state of saturation shown at C. The magnetic saturation
of the material is defined in this state. When the field is now removed, the do-
main vectors fall back to the easy direction in each grain nearest to the positive
direction of H. The domain vectors are uniformly spread over one half of a sphere,
as indicated at D. In Figure 2.5, we can see the states at O and D are different.
If we apply a magnetic field in the other direction, the magnetization arrives at
E and its state is also different from the state of the grain at O. When the rotor
which has permanent magnets on its surface rotates for several cycles, this process
is repeated.
2.2.3 Change of Magnetic Saturation
As mentioned in Section 2.2.1, the magnetic moments of materials are held
in parallel or anti-parallel by exchanging forces. This is due to the sharing or
exchange of electrons between neighboring atoms in the crystal structure of the
material. When the temperature of a material is increased, each atom oscillates
about its mean position in the crystal lattice, and this oscillation disturbs the
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alignment of the spin magnetic moments [92], [20]. Consequently, as the tempera-
ture of a ferromagnetic material is increased, its magnetization decreases as shown
in Figure 2.6. At a temperature known as the Curie temperature, Tc, the paral-
lel alignment completely disappears and the magnetic moments become randomly
aligned. The definition is given in the American Institute of Physics handbook
[27], “Curie point, as the temperature increases, at which the transition from fer-
romagnetic to paramagnetic properties of a substance is complete”. For this paper,
an iron magnetic core has been assumed. The Curie temperature for iron is 770◦C
[20]. Since the temperature in most electric machines is usually below 150◦C, the
effect of the temperature on the ferromagnetic property of iron is small. Nd-Fe-B,
rare earth material, is used for a permanent magnetic material. It has a very low
Curie temperature of 320◦C compared with the other pure materials in a motor
[74].
Figure 2.6: Saturation of Fe, Co, and Ni as a function of temperature [92]
However, the bend point of the saturation magnetization curve in Figure 2.6
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is of interest in this research. The magnitude of magnetic flux of a magnet starts to
reduce from this bend point when it loses its magnetization at a high temperature.
The Nd-Fe-B permanent magnet material has a property of a negative high slope
of its magnetic flux value with temperature as shown in Figure 2.7. Therefore, it
is hard to decide the exact bend point because the tendency of magnetization is
different from the case of a pure material. When the temperature, 65◦C (338◦K),
is applied to Figure 2.7, then the corresponding magnetic flux density, B, is 1.24
Teslas and the magnetic susceptibility, χ, is 1, and the value of Boron component
is 8. The reduction of magnetic flux density from 1.3 T to 1.24 T means the
magnetic material reaches its saturation state faster by increased temperature of
operation of the PM motor. Moreover, the magnetic flux density curve decreases
linearly between 50◦C and 150◦C in Figure 2.7. This means that magnetic flux
density and temperature have a linear negative relationship. Therefore, based on
this information, magnetic flux density is 1.1 Teslas at 150◦C (423◦K) which is a
15% reduction.
2.3 Simulation for Generating Performance Maps
This section addresses some example plots for performance maps obtained
from a permanent magnet synchronous motor (PMSM) simulation. This simula-
tion focuses on how the prime mover performance criteria and maps are obtained.
Therefore, the description of PMSM system model, mechanical model of the whole
test system, and explanation of MATLAB simulation blocks will be described.
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Figure 2.7: Magnetization curves of Nd-Fe-B magnets containing different percent-
ages of Boron [84]
Figure 2.8: Brushless servo system [2]
2.3.1 Mathematical Model of a Permanent Magnet Synchronous Mo-
tor (PMSM)
A PMSM consists of a permanent magnet rotor, a position sensor mounted
on the rotor, and an electronic circuitry that provide signals to the stator wind-
ing as shown in Figure 2.8. The stator is constructed by three phases, generally
Y-connected, and the rotor has permanent magnets which are mounted on the
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surface of the rotor [4]. The physical contact between the mechanical brushes and
commutators are eliminated, and the electronic switching is used to commutate
electric currents in the stator windings. The appropriate winding is switched on
by solid state amplifiers according to the current rotor position.
The PMSM has a sinusoidal back EMF and requires sinusoidal stator cur-
rents to produce constant torque. The following assumptions are made in the
derivation [35].
• Magnetic saturation is neglected.
• The back EMF is perfectly sinusoidal.
• Copper losses and core losses are negligible.
• The stator windings have the same resistances and inductances.
• The self inductances and mutual inductances between windings are equal.
With these assumptions, the governing differential equations describing the dy-
namic behavior of PMSM is written as
Vk = Rik +
dλk
dt
for k = 1, 2, 3 (2.4)
The flux linkages λj can be written as [4]
λ1 = L11ii + L12i2 + L13i3 + λm1 (2.5)
λ2 = L21ii + L22i2 + L23i3 + λm2 (2.6)
λ3 = L31ii + L32i2 + L33i3 + λm3 (2.7)
where Lii is the self inductance of winding i and Lij is the mutual inductance
between windings i and j. λmi is the magnetic flux linkage of winding i related
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to the permanent magnet. The windings in the stator are sinusoidally distributed
and separated by 120◦ apart in each other. λmi may be written as
λmi = ke sin(nθ − 2(k − 1)π
3
) for k = 1, 2, 3 (2.8)
where ke is the back EMF constant and n is the number of pole pairs of the
permanent magnet in the rotor. The self inductance is expressed as L and the
mutual inductance is denoted as M. R represents the terminal resistance measured
between two power wires of the test motor. Then, the mutual inductances, Lij
equal to M as mentioned in the assumptions above. Note that the sum of the
currents in a Y-connected circuit is equal to zero. Equation (2.8) is applied in
Equations (2.5), (2.6), and (2.7) then the flux linkage equations are
λ1 = (L−M)i1 + ke sin(nθ) (2.9)
λ2 = (L−M)i2 + ke sin(nθ − 2π
3
) (2.10)
λ3 = (L−M)i3 + ke sin(nθ + 2π
3
) (2.11)
By differentiating Equations (2.9), (2.10), and (2.11) with respect to time,
the dynamic equations of the PMSM become
V1 = Ri1 + (L−M)di1
dt
+ nkeω cos(nθ) (2.12)
V2 = Ri2 + (L−M)di2
dt
+ nkeω cos(nθ − 2π
3
) (2.13)
V3 = Ri3 + (L−M)di3
dt




where ω is the angular velocity of the rotor. In Equations (2.12), (2.13), and
(2.14), the first terms are the losses in the stator windings, the second terms are
the induced voltages due to the change in current, and the third terms represents
the back EMF force.
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The torque produced by the PMSM can be expressed as change of magnetic
co-energy by [25]









Refer to Woodson and Melcher’s Electromechanical Dynamics [105] for a com-
prehensive examination. Equations (2.9), (2.10), and (2.11) are substituted into
Equation (2.16), then the expression for the co-energy becomes
Wc(i, θ) = ke sin(nθ)i1 + ke sin(nθ − 2π
3




Using Equation (2.15), the expression for the electromechanical torque is evaluated
as follows [4]
T (i, θ) = nke cos(nθ)i1 + nke cos(nθ − 2π
3




Therefore, the motor torque is determined as a function of the phase currents and
rotor displacement. In Section 2.3.2, the simplification of the nonlinear differential
equations that described the dynamic behavior of the PMSM is introduced.
2.3.2 Transformation of the Dynamic Equations
Equations (2.12), (2.13), (2.14), and (2.18) can be simplified in a more
manageable form for obtaining solutions. These equations can be simplified by
using a general mathematical transformation known as the d -q transformation.
The d -q transformation uses the properties of trigonometric identities to remove
the sinusoidal terms that appear in the equations due to the back EMF. The
transformation can be represented in terms of the electrical angle θ between the
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Figure 2.9: Brushless servo system [25]
rotor direct axis and the stator axis 1 as shown in Figure 2.9. For sinusoidally
distributed windings, the following d -q transformation, which is also referred to as













cos θ cos(θ − 120◦) cos(θ + 120◦)
















where the subscripts d, q, 0 correspond to the fictitious windings rotating with the
rotor, and S represents voltage, current, or flux linkage.
Applying Park’s transformation to Equations (2.12), (2.13), and (2.14), the
new set of equations are


















In addition, Park’s transformation is now applied in Equation (2.18) for the electro-





The equations that we obtained here are used to simulate the PMSM drive. Solving
the new equations is obviously a much simpler task than attempting to solve
Equations (2.12)-(2.18). The solution of the system of equations in the rotating
frame must be transformed back into the solution in terms of the actual variables.













cos θ − sin θ 1√
2
cos(θ − 120◦) − sin(θ − 120◦) 1√
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2.3.3 Mathematical Model of the Nonlinear Test Bed
The mechanical design includes the mechanical test components of the test-
ing system, such as the brake, clutch, couplings, and load motor. The schematic
diagram in Figure 2.10 illustrates how the mechanical components in the test bed
can be rearranged depending on the desired test purpose and procedure. If the
test actuator includes a gear train, the load source will require a gear train with a
higher power rating.




+ Bmωm + Ta (2.25)
where Jm is the inertia and Bm is the viscous friction of the test motor. Tm is the
electromotive driving torque generated at the test motor. ωm is the desired speed






+ Blωl + Te (2.26)
where Jl stands for the total inertia of load motor, couplings, brake, clutch, and
torque sensor shaft. Bl is considered as the friction coefficient of load motor, and
Te is the electrical driving torque generated at the load motor. The load motor sets
the rotational speed of the system during testing. The motion controller controls
the electrical driving torque, Te, and the torque sensor feeds back the measured
torque, Ta, as a reference signal. If Equations (2.25) and (2.26) are combined
together, then, the linear dynamic equation for the test motor and the load motor
becomes
Tm = (Jl + Jm)
dωl
dt
+ (Bl + Bm)ωl + Te (2.27)
where ωl represents the speed of the load motor. Equation (2.27) is obtained only
if ωl equals to ωm. The whole structure will rotate with the speed of the load
motor.
Figure 2.10: A schematic conceptual diagram of actuator test bed
In order to decide the control gain of the system, the dynamic linear model
of the electric machine is derived. The set of differential equations for a PMSM
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L−M id + niqω +
1
L−M Vd (2.29)
Because the controller gains are decided based on the system inertia, damp-
ing factor, the ratio of the resistance and inductance, and the rotating speed of the
system, the state space form was established using Equations (2.27), (2.28), and
(2.29). The driving torque, Te, is not included because this term is considered as a
disturbance. Also, recall that the torque generated by the PMSM is expressed in
Equation (2.23). Combining Equations (2.27), (2.28), (2.29), and (2.23), the state













































The total inertia of the test system is Jeq and the total damping factor in the test
motor and load motor is Beq. The state space matrix forms can be transferred to
the transfer function form. Equations (2.31) and (2.32) show the state space form
to decide gains.
ẋ(t) = Ax(t) + Bu(t) (2.31)
y(t) = Cx(t) + Du(t) (2.32)
The matrices A, B, C, and D are determined as shown in Equation (2.33). These















 , C = [1 0 0] , D = 0
(2.33)
38
Then, the root locus is drawn based on the transfer function with a single input as
shown in Figure 2.11. From this plot, there are three poles and two zeros, and the
dominant pole, which is the closest one to the imaginary axis, approaches the zero
on its right as the proportional gain increases. The detailed drawing on the right
in Figure 2.11 explains this. Therefore, the proportional gain should be small to
avoid the system becoming unstable. Also, two imaginary poles meet at the point
“A” and the proportional gain value at this location is one, which is the closest
integer number of a controller gain. In order to increase the stability of the system,
a derivative gain is added. The integral gain is based on the feedback parameter
associated with the steady state error.
Figure 2.11: Root locus used to decide the control gains
2.3.4 Development of Two Performance Maps in Simulation
The PMSM system model obtained for simulation in Section 2.3.3 is mod-
ified for this actuator application. All of the values used for each variable are
specified in Table 2.1. This demonstration illustrates the use of the PMSM in
a closed-loop speed and current control on 25 Nm torque at 600 RPM which is
designed in [47]. When the system model (i.e., motor and test bed components) is
tested in the Matlab simulation, some portions can be modified with proper block
sets to describe the action on the model. All of the values used in each variable are
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specified in Matlab simulation blocks. One of the given inputs, torque, is varied
from 1 Nm to 20 Nm static constant loads. The other three inputs are the elec-
trical connections of the machine’s stator. The Permanent Magnet Synchronous
Machine block assumes a linear magnetic circuit with no saturation of the stator
and rotor iron [71].
Property Measure Unit
No. of Poles 12 pc
Peak Current 17.2 Amps
Base Voltage 120 Volt
No Load Speed 650 RPM
Peak Torque 26.3 Nm
Max. Cont. Stall Torque 5.1 Nm
Inertia of the Rotor 7.8 ×10−4 kgm2
Terminal Resistance 5.8 Ω
Terminal Inductance 20.5 mH
Torque Constant 1.52 Nm/Amp
Voltage Constant 159.66 V/KRPM
Table 2.1: PMSM parameter values
Two of the example simulations are described in this section. The plots
shown in Figure 2.12 and 2.13 will represent the efficiency performance map and
the temperature performance. All of the performance maps including these two
must undergo further definition both analytically and experimentally to improve
their usefulness in decision making for intelligent actuators.
The efficiency is the ratio of output power to input power with the assump-
tion that the measurement error of these two quantities is ignored. The input
power is divided into output power and power loss. The power loss consists of cop-
per loss and core loss in this simulation. The copper loss may be determined for
any condition of operation if the winding currents and their resistances are known.
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The core loss depends on the peak flux density produced in the core and in turn
depends on the terminal potential difference. In order to implement these terms,
the mathematical expression for output power and total power loss are defined as
follows














where Rc is the resistance of the rotor core, and Rs is the resistance of the winding.
L1, L2, and L3 are the root mean square values of inductance. I1, I2, and I3 are
the root mean square values of excited currents in three phases. Te is the electrical
torque generated from the excitation of phase currents, and ωe is the rotor speed.
Several parameters can affect the efficiency of the motor, but the most important
factors are load torque and rotor speed as shown in Figure 2.12. The plot is
obtained for steady state constant load at each constant speed. Efficiency depends
on the increase in speed above the reference speed and the desired continuous
torque. There exists an optimum rated speed to get the highest efficiency, which
is around 200 RPM in this case.
As one of the operational criteria, the torque-speed curve is dependent on
temperature. The torque speed curve is the most meaningful performance graph
to show the output capacity of an actuator. To cover a more general situation, one
more governing parameter such as temperature needs to be included. Temperature
is an important parameter to describe the actual condition of a prime mover and
is a principal cause of failure [96]. Prime mover (i.e., an electromechanical motor)
temperature rise is a result of energy losses from various sources, and is affected
by the ability of the motor to dissipate heat and the effectiveness of the cooling
system of the prime mover to remove that heat. In this study, motor temperature
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Figure 2.12: Efficiency plot from simulation
is estimated by adding an interactive resistance model in the PMSM Simulink
block diagram model as shown in
Rs = R0(1 + as(T − T0)) (2.36)
where T is the stator winding temperature, as is the temperature coefficient of
resistance, and R0 is the resistance at a temperature of T0 [53]. Figure 2.13 is
obtained from this simulation for temperature variations relative to torque and
speed. We can see the temperature gets higher as the motor’s maximum torque
and maximum continuous speed increases.
The simulation study above confirms the validity of the model for both
steady state and dynamic conditions. However, these performance maps do not
provide transient response. That would be needed for fault tolerance. Although
the basic linearized equation of the model is used, the usefulness of the performance
maps has been established, and thus, the analytical study of modeling an electric
machine has been performed. The dynamic modeling equations including nonlinear
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Figure 2.13: Temperature plot from simulation
terms are referred to Hvass and Tesar [42]. Based on this simulation study, ten





From discussions with electromechanical motor suppliers, it is apparent that
only general performance descriptions are provided. Examples of these are motor
power, torque-speed relationship, motor efficiency, etc. Most of these parameters
are one-dimensional or two-dimensional at the most.
In reality, an electromechanical motor has a multitude of parameters that
affect overall performance. A detailed understanding of these cross couplings and
parameters is an essential first step towards increased performance. Development
of these criteria and the relationships among them is the foundation to this prob-
lem. An initial listing of l0 actuator performance criteria is given in Table 3.1.
For example, the torque generated by a motor is closely tied to its temperature.
Understanding of this relationship allows us to address the cooling needs of the
actuator. Also, of interest is the acceleration response of a motor under a given
load. Analysis of this property can provide us with an operational acceleration
margin that can tell us how fast the acceleration follows the input torque com-
mand (i.e., in terms of step input). The difference between real output power and
theoretical power computed via an analytical model is important for CBM. Such
information can also allow us to anticipate power drop at higher temperatures.
Superimposed cyclic variations in the normal load (called torque ripple) affect ac-
tuator performance. This torque ripple has a distinct sound signature that can
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Criteria Descriptions
Operational Margin Indicates the maximum speed and torque
with dynamic loads.
Temperature Higher torque builds up high temperature
in a short time.
Efficiency Output power divided by input power.
Max efficiency is at rated torque and speed.
Motor Losses How much copper and core losses are gen-
erated.
Acceleration Limit of acceleration at various levels of
torque.
Torque Ripple Percentage of cyclic variation in the output
torque.
T - i Ratio The effect of magnetic saturation to
torque-to-current ratio.
Rise Time How fast the response follows the input
torque signal.
Magnetic Flux Density Magnetic flux density is deteriorated in
higher temperature.
Max Magnetic Flux Energy Produce Hysteresis loop and obtain
(BH)max by measuring magnetic flux den-
sity.
Table 3.1: Initial set of actuator criteria
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be detrimental for low noise applications such as deployment on submarines. A
detailed description of the proposed actuator criteria is presented in the next sec-
tion. This report addresses electromechanical motor criteria. Additional research
is ongoing to expand the range of criteria that can be used to describe actuator
performance (mainly, including gear train, brake, clutch, and sensors). Ten prime
mover criteria are described and some of them will undergo further definition both
analytically and experimentally to improve their usefulness in decision making
for intelligent actuators. Most of them have been shown to be important issues
to evaluate the performance of electromechanical actuators. Also, these criteria
are reviewed thoroughly and added to supplements for complete coverage of the
operational range of the actuator.
3.2 Operational Margin
The torque-speed characteristics have been important to users of general
electric machine systems, so that they could graphically trace motor speed regula-
tion in response to load and voltage changes. With the performance profile of the
motor, it is possible to estimate the operational range of the motor within the spec-
ified temperature and torque limitations. On the other hand, the practical torque
response in the application of the motor does not have a steady state response.
The responses are more like exaggeratedly nonlinear periodic loads. Figure 3.1
describes a realistic torque response demand in an electromechanical motor in a
periodic machine operation. When the impact wrench tool installed on Mr2Arm
Robot at RRG is operated to tighten and loosen bolts, the nonlinear loads are
repeatedly applied to the bolt head. In this case, the operational margin crite-
ria, related in a torque-speed curve, will guide an operator to manage the control
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parameters.
Figure 3.1: Creating a periodic loading in use of impact wrench
A typical torque-speed curve for a permanent magnet DC motor shows the
expected torque performance of the motor for a specific duty cycle at a given
speed presented in Figure 3.2. The continuous operating region is determined by
operating the motor to the maximum allowable winding temperature at various
speeds and recording the output torque. The duty cycle is characterized by cycle
times, cycle durations, and load. The intermittent operating region is defined by
a period of constant loadings followed by an interval of no load. Also, the steady
state model for the motor can be used to derive the torque-speed curve directly.
However, motor users can not depend on this description of the torque out-
put with applications which have varying speeds combined with periodic nonlinear
loading because general torque-speed plots, obtained by a static load such as a
brake, are heavily effected by dynamic loads. The alternating dynamic loads and
speeds are expressed as root mean square values because they generate alternat-
ing wave motion. Also, they must be applied for several minutes in order to give
enough time to characterize the input (torque or speed). Since torque and speed
have a causal relationship, one of these inputs should be dependent on the other
at a certain condition and the other will have a nonlinear varying value.
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Figure 3.2: General torque-speed curve
On the test bed, the test motor will be tested based on the variation of
the load motor. The test motor will govern the whole system as a torque control
and the load motor will be run with a speed control in this research. While the
load motor runs at a certain static speed, the load torque will be applied to it
through several torque profiles from the test motor. The variations of torque,
speed, current, voltage, and temperature will be measured at this time. Then,
the operational margin will lead to the test motor with the best performance and
avoid the limits of operating parameters.
3.3 Efficiency
In order to evaluate energy savings of an electromechanical motor, the entire
energy converting mechanism should be considered as one of the actuator crite-
ria. The electromechanical motor drive system starts from electric power system
terminals at the plant via the motor drives, and includes the driven mechanical
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device. Thus, the motor efficiency is a measure of the effectiveness with which a
motor converts electrical energy into mechanical energy.
Figure 3.3: Energy flow diagram
There are many methods pertinent to motor efficiency evaluation in the
literature [41]. The most obvious way is to connect the motor to a known load
and measure the electrical power into the motor. Assuming we know both the
power (or work) output and power going in, the ratio of these is efficiency. A






Power Output + Losses
(3.1)
Losses can occur at the stator (stator copper loss, core loss and stator stray loss)
and at the rotor (friction and windage, rotor stray loss). If there is no power loss
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in the system, the generated power is expressed by the conversion from electri-
cal power to magnetic power and from magnetic power to mechanical power as
shown in Figure 3.3. However, power losses are always present and they are math-
ematically separated from the storage mechanism. The losses will be explained in
Section 3.4 in detail. The input power, which is the electrical energy, is expressed
as follows
Power In = V1,rmsI1,rms + V2,rmsI2,rms + V3,rmsI3,rms (3.2)
where V1, V2, and V3 stands for the phase one, two and three voltages supplied to
the AC motor. I1, I2, and I3 represents the phase one, two, and three currents to
operate the motor. Also, rms is the “root-mean-square” value, which represents













where T (Nm) and ω (RPM) is the developed torque and speed as the power output
components of the motor. 9.549 is just the unit conversion factor of speed.
3.4 Motor Losses
No matter how complex the combination of the mechanical system is the
calculation of the efficiency is simply obtained from Equation (3.1). The best
test procedures are fully explained in Method B of IEEE Standard 112-1996 [43].
Identifying the losses is also one of the valuable criteria to improve the actuator
performance from the point of view of heat generation. Basically, a no-load test
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will determine the stator core losses, the mechanical friction and windage losses.
The test motor is run on no load at rated voltage and frequency, and then the
input electrical power is calculated as the stator primary losses and additional
constant losses. At this time, the mechanical output power will be zero because
there is no torque output. Once the stator copper losses are determined from
the measurements of the derived currents in three phases of the stator windings
with the knowledge of the resistance, the constant losses will be obtained from the
subtraction of the input power from the stator copper losses. The stator copper
losses are determined by the test under load. Moreover, the friction and windage
losses are separable from the core losses by reading voltage, current, and power
input at rated frequency and at reduced voltage. Efficiency and motor losses are
combined together to represent the evaluation of heat effect on the motor.
3.4.1 Copper Loss
Compared to the brushed DC motor, the permanent magnet synchronous
motor offers several advantages for applications which require high acceleration
and a good torque quality, namely a high torque-to-inertia ratio and an excellent
power factor close to unity, since the copper losses are essentially located only in







where id and iq are d and q axis components of armature current, which are
mentioned in Section 2.1.2. Equation (3.5) can be formulated using the resistance












The winding resistance R is obtained by measuring two end wires out of three
phases.
3.4.2 Core Loss
As illustrated in Figure 3.4, copper losses constitute for approximately 60%
of the total losses. On the other hand, the core losses, in other words, iron losses,
accounts for 20-25% of the total losses. The rest of the losses are friction and
windage losses, and stray load losses, which are about 10-15% [65]. Copper losses
are dependent on the loads, but the core losses, generated in active iron and other
metal parts, are no-load losses.
Figure 3.4: Energy loss components for a brushless DC motor
The core losses are the result of energy dissipated when the rotating mag-
netic field of the motor is applied to the stator core. Note that the rotor core loss
is quite small compared with the stator core loss. Especially, in a permanent mag-
net synchronous motor, the stator core loss only exist because the slip1 frequency
for this motor equals to zero [45]. The core losses Pi in ferromagnetic materials
1The difference between the synchronous speed and the full load motor speed is called slip.
The synchronous speed is the speed of the rotating electrical field, not the actual rotor speed.
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are separated into a hysteresis component Ph and a dynamic or eddy current loss
component Pd, i.e.,
Pi = Ph + Pd (3.7)
The hysteresis loss is caused by very localized irreversible changes during the
magnetization process, which make it dependent only on the maximum induction.
While the flux density varies cyclically and the magnetic state forms a locus in the
B − H diagram, the hysteresis loss results as the material changes its magnetic
state. The eddy current loss is also caused by the variation in flux densities, which
locally induces currents in the laminated core [21]. According to [59], [91], the
fundamental core loss density is expressed in the following form for sinusoidally








where Bm is the peak value of the flux density, and khy, ked and α are constants
determined by the manufacturer provided loss data.










where λd and λq are the stator winding d and q- axis phase of magnetic flux
linkages. Also, Ri is the core loss resistance and ωe is the stator winding voltage
electrical angular speed (synchronous speed)2. The square of speed-EMF ω2e(λ
2
d +
λ2q) can be calculated by using the electrical input power Pin, RMS value of the
voltage in the stator winding Vrms, and RMS value of the current in the stator







q) = (vq −Riq)2 + (vd −Rid)2 = 3V 2rms − 2RPin + 3R2I2rms (3.10)
Note that the core loss can be measured in no-load condition. In this report,
Equation (3.8) will be used to calculate the core loss in Section 5.1.2.
3.5 Rise Time
As one of the actuator criteria, the motor users in industry might also be
interested in the rise time for a given input command. The rise time, as one of
the transient responses, tells users how fast they can change the dynamic state of
a given load (force, inertia, etc.) and how well the responses follow the desired
motion program. The rise time mostly depends on the mechanical inertia and the
performance of the controller. The motion controller will be included as parasitic
equipment for criteria evaluation because the combination of a prime mover (i.e.,
electric motor) and an amplifier must be considered as a system including the
motion controller.
Figure 3.5: Step response of torque at standstill (experimental result) [78]
From a no-load test, the speed rise time will be obtained. The test motor
54
runs at a certain speed without any connection of load and the amplifier provides
a ceratin voltage in a steady state. Then, the motor speed will be increased to
a certain desired value. The time difference between these two speeds is the rise
time for the motor speed. Also, the torque rise time is estimated by the same
method but in this case, the test motor needs a brake load. The brake load is
developed by the load motor through the motor shaft and generates an increased
torque at a certain speed. The measurement of the time difference between the
lower torque and higher torque will be the torque rise time. Figure 3.5 shows the
torque response for a step change of the reference torque from -2 to 2 Nm when
the rotor is blocked. As shown in Figure 3.5, the torque response is very fast (in a
unit of millisecond) and there is no overshoot. In this report, the torque rise time
for a permanent magnet synchronous motor is driven based on different speeds and
torque increments.
3.6 Torque-Current Ratio
The basic equation for torque is derived from the equation for force, which is
Equation (2.1), in a manner similar to that used in obtaining the voltage equation.
The torque produced by a motor with a given winding and physical geometry is
directly related to the voltage it produces when the rotor is externally driven, or
when the motor is used as a generator. After the appropriate substitutions are
made, the torque equation becomes
T = KT I (3.11)
where KT stands for torque constant (or torque sensitivity) and is expressed in
Nm/A. T is the developed motor torque and I is the average current in the motor.
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However, the relation between the torque and current of the motor might not be
constant and it will be identified experimentally based on Torque-Current Ratio
criterion. Figure 3.6 shows the torque and current responses for the motors of
the third and fifth axes of the KUKA KR150 [99]. All wrist axis motors are
identical but each of them responds in a different way depending on the motor
velocity, acceleration, torque and inertia. Thus, the torque constant KT becomes
a nonlinear function of current, torque and speed.
Figure 3.6: Current and torque responses of the permanent magnet synchronous
motors in axis 5 of KUKA KR150 robot. [99]
Mademlis and Agelidis [54] experimentally obtain the torque and current
plot and suggested the method to determine the maximum torque-to-current con-
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dition and ratio. They report the influence of magnetic saturation in maximum
torque-current ratio controlled Interior PM (IPM) motor drives. The magnetic
saturation will be explained in Section 3.9. The experimental results, taken from a
three phase 3.4 kW IPM motor drive, are clearly presented to verify the nonlinear
relation between the torque and current.
3.7 Torque Ripple
Permanent magnet motors are usually driven in one of two ways. Sinusoidal
currents are applied in three phase windings when the motor has a sinusoidal
back EMF (electromotive force), and rectangular currents are applied in three
phase windings when the back EMF has a trapezoidal shape. If the electrical
commutation is implemented perfectly, each of these drive schemes is capable of
producing ripple-free torque. However, in reality, permanent magnet motors never
exhibit perfectly sinusoidal or trapezoidal back EMF’s [16].
The commutation points for the motor in Figure 2.3 are shown in Figure
3.7 (a). These commutation points center the peak of the back EMF waveform
in the commutation zone, and provide equal sharing of the motor phases in the
process of producing torque. However, due to the commutation points, the torque
output over each commutation zone might be varied by 50% for a constant current
input. To improve this variation of torque during commutation, (called torque
ripple), consider the scheme shown in Figure 3.7 (b). In this case, the motor
is commutated twice as often during one revolution by using the negative half
of the back EMF waveform as well as the positive half. The torque now falls
approximately 13% below the peak [47]. For a three phase motor with the simple
commutation scheme shown, this is the torque ripple that can be obtained with
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the back EMF waveform of this particular brushless motor.
Figure 3.7: Torque ripple as a function of rotor position with constant current
input [47]
There are other causes that generate parasitic torque ripple in a motor.
The power electronics used to drive the motor have limitations that keep it from
producing the required current waveform, especially as speed or load torque in-
creases. In addition to these limitations, a permanent magnet motor often exhibits
cogging torque that directly contributes to torque ripple. The cogging torque is
independent of motor excitation and is caused by the interaction of the permanent
magnet flux and the saliency of the stator [8], [33].
The torque ripple caused by the switching action of the commutation is
calculated as follows




The torque ripple will be developed from an experimental setting with static load-
ing generated by a brake. By providing more current to the motor stator wind-
ings, keeping speed constant, the monitored torque output will show some ripple.
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Moreover, the ripple test will show that the torque ripple is hardly changed as the
temperature deviates because the ripple depends only on the motor geometry and
the applied current.
3.8 Acceleration
Many robot applications require operation under dynamically changing con-
ditions regarding the exact target position. For example, there are situations where
the information about the target location is only available after the movement has
begun or the original target position has been redefined after start. Such changes in
target position either due to physical movement of the target or due to additional
sensor information provided during the motion require on-line updating of the ref-
erence trajectory. Furthermore, in many applications it is very important to obtain
a reference trajectory for smooth motion under constraints of maximum limiting
values of velocity, acceleration, and jerk at the same time [52]. This requires mon-
itoring the velocity, acceleration, and jerk signals to deal with abrupt changes to
them. Figure 3.8 shows these responses for an induction motor. Shi et. al. [88] rep-
resents a method to control the acceleration to improve the dynamic performance
of the motor.
Figure 3.8: Speed, torque, and acceleration of 0.75 kW induction motor [88]
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Acceleration defines how quickly the axis or axes come up to speed and
is typically limited to avoid excessive stress on the motor, mechanical system,
and load. A separate, slower deceleration is useful in applications where gently
coming to a stop is most important. A high acceleration capability requires a high
maximum torque combined with a constant polar moment of inertia for the motor







(Te − Fb dθ
dt
− Tm) (3.13)
where α is the acceleration, θ is the angular position, Te is the electrically gen-
erated torque, Fb is the friction coefficient, and Tm is the load torque. Also, the
acceleration capability of a permanent magnet motor is limited by the demagneti-
zation of the magnets [90]. This can result from high temperature of the magnets
and the winding insulation. For example, at a temperature around 150 ◦C, accel-
eration deteriorates as the torque generated by a reduced magnetic flux is lower
due to higher temperature.
3.9 Max Magnetic Flux Energy
The waveform of the magnetic field in the core requires an exciting current in
the stator windings. The nonlinear relationship between magnetic flux and current
in Figure 3.9 means that the waveform of the exciting current differs from the
sinusoidal waveform of the flux. A curve of the exciting current as a function of time
can be found graphically from the desired magnetic characteristics as illustrated
in Figure 3.10. Since magnetic flux density, B, and magnetic field intensity, H, are
related to magnetic flux, ϕ, and current, iϕ, by known geometric constants, the
hysteresis loop can be drawn using ϕ = BA and iϕ = Hl/N as shown in Figure 3.9.
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Figure 3.9: B -H curve of PMSM
At very low frequencies, the magnetic flux linkage and current loop can be obtained
from the similar shape of the B -H loop (see Figure 3.9). At higher frequencies,
the B -H loop is broadened due to the effect of eddy currents. Slemon explains this
phenomenon more carefully in his book [92].
When the exciting current has more than one cycle and a constant RMS
value, there is almost no variation of B with H. The magnetic material starts to be
magnetized by the variation of magnetic flux density from the unmagnetized point
as shown in Figure 3.11. If we look at Figure 3.11 more carefully, the arrow-head
indicates the direction of movement of the point representing the magnetic state of
the magnetized material as H alternates slowly [92]. At point ‘A’ in Figure 3.9, the
magnetic flux is not increasing any more. It is said to be “Saturated”. Then, as the
strength of the magnetic field is reduced, the material does not go back to its former
state because this process is irreversible. When the magnetic flux strength, which
is the same as the magnetic field intensity, is zero, the value of the magnetic flux
density is called the residual magnetic flux density. From this point, the curve will
follow the demagnetization process as illustrated in the second quadrant. When
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Figure 3.10: Current and magnetic flux density data in 150 RPM, 0.75 Amps
(RMS)
the magnetic flux density is zero, it is defined by a coercivity force. Now, it follows
to the negative direction of the pole. The complete loop is known as a hysteresis
loop. Rotating the rotor of the PM motor creates this hysteresis loop at a constant
speed.
The magnetic flux energy is defined as the area of the B -H curve as shown
in Figure 3.11. The performance map of magnetic flux energy will be created
based on torque and speed. The map will also be affected by temperature. In
Section 3.10, changes to the magnetic flux curve depending on temperature will
be discussed.
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Figure 3.11: Variation of B with H [92]
3.10 Magnetic Flux Density
Tomy Sebastian mentions in [86] that temperature affects PM motors using
rare earth magnets (including Nd-Fe-B and Sm-Co) with respect to their torque
production capability and on the efficiency of the motor. If a careful design of a
PM motor is performed, the irreversible demagnetization is avoidable at elevated
temperatures. One of the ways to improve the design of the PM motor is to equip
it with a better cooling system. When PM motors are designed to operate in a
wide temperature range, the reversible demagnetization of the rare earth magnets
due to temperature and the resulting increase in winding resistance influences the
resulting maximum torque capability at rated speed and the efficiency of the mo-
tor. Figure 3.12 is the experimental result and represents the changes of magnetic
flux density with sinusoidal current inputs in three phases. The flux density was
saturated at 0.8 Tesla (Solid line in Figure 3.12), and it is reduced to a smaller
value (Dotted line in Figure 3.12). Thus, the torque produced from this motor
will be affected by the reduction of the magnetic flux density at higher temper-
atures because the torque is a function of flux and current. This result helps to
demonstrate the temperature affects on the performance of the PM motor. In
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this criterion, the magnetic flux density always has the same maximum saturation
value at any speed and reference current. This is because the flux measured by
the sensor estimates the magnetic strength of the PM in the rotor.
Figure 3.12: Magnetic flux density and current curve at two different temperatures
(Solid line: 25◦C, Dotted line: 78◦C)
3.11 Temperature
Temperature is a sensitive and important parameter to describe the actual
condition of an electromechanical motor and is a principal cause of failure. Motor
temperature rise is a result of losses from various sources and is affected by the
ability of the motor to dissipate heat or the efficiency of the cooling system of the
motor. Significant temperature increase can be expected under load versus idle
operation. Thus, applied loads with greater inertia will cause additional heat to
build up during peak accelerations.
The thermal models for an electromechanical motors have been developed
in [11], [38], [53]. Using the models, the temperature rise of a machine prior to
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Figure 3.13: Temperature rise of the SRM for 900 to 1800 r/min as a function of
load [60]
its construction is predicted and the overall performance is also predicted. Mogh-
belli et. al. [60] has tested a 10 HP switched reluctance motor (SRM) and measured
total losses, efficiency, and temperature rise by changing the rotor speed and load.
The temperature of the motor increases as the rotation speed increases as shown
in Figure 3.13. In addition, Metwally [58] has measured the full load temperature
rise of three phase induction motors. The result shown in Figure 3.14 represents
the relationship between temperature rise and time at different values of supply
voltage. The applied voltage is changed from 100% to 125% of the rated voltage
in steps of 5%.
The stator winding temperature inside a motor can be measured by chang-
ing torque output with a fixed value of speed at each point. For the test scenario,
four temperature sensors will be attached to the stator core and the three stator
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Figure 3.14: Temperature rise at different percent voltages [58]
windings. The converted voltage values obtained from the measured temperature
will be one of the most important control parameters to decide the best operational
condition for improving prime mover performance.
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Chapter 4
Nonlinear Test Bed Development
In order to complete an actuator test architecture that considers all possible
situations, a dynamic and nonlinear test environment is required. The Nonlinear
Test Bed for Actuators (NTBA) is created to measure and record an array of
physical properties during nonlinear load experiments. In order to simulate the
most general situations during real operation of the actuator, two different types
of loads can be applied: load motor with a programmed sinusoidal load and a
constant load produced by a hysteresis brake. The NTBA is validated because
the proposed prime mover criteria are accurately obtained through experimenta-
tion and are useful in developing the operational performance envelopes. In this
section, the procedure to build the test bed is discussed as well as the capability
of each component in the test bed to generate the required physical performance
information.
4.1 Introduction
With the increased importance of actuator performance in robotic appli-
cations, many robot manufacturers have focused on assuring quality, reliability,
conformance to design, and application suitability in their actuators. To evaluate
the performance of a specific actuator, manufacturers need to thoroughly test the
actuator. Morrell et. al. [64] proposed performance metrics for actuator evaluation.
They mentioned that quantitative metrics for task performance will improve under-
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standing of an actuator’s nonlinear characteristics. More thorough testing can also
provide necessary feedback information on the effectiveness of the electromechan-
ical actuator for a specific task. This section describes the design of a new facility
that provides extensive, automated test capability of electromechanical actuators.
Many researchers in the robot industry consider the electric motor (prime
mover) to be the most important actuator component. Moreover, knowing the
motor’s capabilities, as discussed in Chapter 2, is important in order to verify
design calculations and simulations and to improve future design efforts. Numer-
ous articles describe the testing of actuators by independently testing the motors
inside them. Newton et. al. [68] presented dynamometer simulation results for a
DC machine with both steady state and dynamic loads. Stone et. al. [98] devel-
oped a way to emulate representative industrial loads. In both cases the load was
generated using a simple inertia, friction and fixed torque load. The second order
load was physically represented by an inertia connected to a driving machine via a
compliant shaft. However, the load was only a fixed inertia, so it was impossible to
generate highly nonlinear loads on the motor. Under prior research, the Robotics
Research Group (RRG) at the University of Texas at Austin developed the Actu-
ator Endurance and Reliability Test Bed including a dynamometer to test a robot
actuator under a steady state load using a friction brake [46]. The torque-speed
curve obtained from the experimental set-up showed the output curve was limited
by a fixed maximum temperature. The torque-speed curve, however, has a differ-
ent form under different loading conditions. The steady state performance tests of
actuators in this test bed were insufficient to describe actuator performance under
dynamic loading. Therefore, to complete an actuator test regime that considers
all the possible situations, a dynamic and nonlinear environment is required.
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This chapter is focused on the development of an experimental facility to
test electromechanical actuators and to cover the nonlinear test region. To char-
acterize the performance of each component inside the actuator, the modular type
of test bed is necessary. Testing an electric motor with a gear train requires a
higher torque rating than the rest of the test bed components. The next sec-
tion explains the design and development of the Permanent Magnet Synchronous
Motor (PMSM) test system in more detail. Section 4.3 describes the implementa-
tion of the mechanical and electrical components. Section 4.4 will discuss motion
controller and operational software for a PMSM.
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4.2 Overview of Permanent Magnet Synchronous Motor
Test System
The RRG’s initial motivation for building the Nonlinear Test Bed was to
find the performance maps for permanent magnet synchronous motors. However,
the test bed also had to be flexible enough to be used for a variety of prime movers
as well as future research efforts involving Condition-Based Maintenance (CBM).
Based on these objectives, the necessary operational characteristics of the test bed
are specified. The maximum power is approximately 7.46 kW with a maximum
speed up to 5000 RPM. Figure 4.1 shows the nonlinear test bed developed in this
research. A schematic diagram of the test bed is shown in Figure 4.2. The diagram
shows the signal flow from the sensor readings and the control reference signals are
obtained from the motion controller.
Figure 4.1: Nonlinear test bed
The test bed is designed to overcome misalignment problems caused by
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manufacturing tolerances and to be modular. The supporting blocks have four
threaded screws that transfer the force to the surface of the test bed by finding
the height and angle with respect to the horizontal surface of the test bed. The
screws for the supporting blocks and the rails serve to accurately position each
component. Additionally, the rails are designed to be modular, so a multitude of
configurations can be achieved as long as the height from the surface of the test bed
to the rotational center is less than 0.1524 meters (or 6 inches). All components
are held rigidly against a variety of load profiles by long black steel rails. The
rails have 0.0127 meter (or 1
2
inch) threaded holes on the top to resist force in the
vertical direction and 0.0064 meter (or 1
4
inch) holes in the side to resist force in
the horizontal direction. The screws allow for adjusting the alignment.
Figure 4.2: A schematic diagram of NTBA
Safety was an additional concern in building this test bed. To stop the
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operation of the test bed in the emergency situation, an emergency stop switch is
built into the test bed. There are two power relays to disconnect the current to
the amplifiers for the motors and an additional switch to stop the operation if the
enclosure is opened. Also, the clutch is off by default to prevent the transfer of
a large force from the load to the actuator under test. Eventually, this test bed
will be used to test systems with large amounts of jerk motion so the potential
for parts to fly off the system if they are not connected properly or break during
testing is high. To protect the user, a large plexiglass enclosure was built that can
be placed over the test bed when the system is running.
Figure 4.3: Mechanical components of NTBA
The mechanical component set-up for the test bed is shown in Figure 4.3.
This test bed is for dynamic testing, so the load motor is used to generate a variety
of load types. The four bar linkage creates the nonlinear periodic load. The special
load type is selected to express a realistic situation for the given test motor. The
mechanical clutch is engaged while the load motor provides a load to the test motor.
The torque sensor is used to measure the torque between the load motor and the
test motor. The encoders estimate the position, velocity and the acceleration. In
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addition, three Bellows couplings are used to connect each component to the rest
of the system. The couplings were carefully chosen to endure more than 54 Nm in
the rotational direction.
Figure 4.4: Electrical components of NTBA
Figure 4.4 shows the electrical component set-up for the test bed. The frame
itself is made of the wood to avoid electrical hazard. The interconnection module
is for the connection lines between the motion controller and each mechanical
component. The interface box is for the torque sensor. This unit sends the torque
signal from the sensor to the controller. The motor amplifiers and power supplies
need the heat sink for cooling. During testing, the amplifiers and power supplies
will generate a large amount of heat, so the four fans operate to reduce the heat.
The solid state relay is used to control the clutch operation. The current sensor
measures how much current is flowing through the wire from the amplifier to the
test motor. Also, temperature sensors are attached inside the test motor, and the
voltage signals transferred from temperature are scaled down by the calibration
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circuit. All of these components will be explained in detail later.
4.3 Hardware Implementation
The test bed is designed to accommodate actuators and electric motors up
to 0.75 kW (or 1 HP) in capacity. As different 0.75 kW systems can have a large
variation in torque-speed relationships, the mechanical components of the test bed
are designed and selected for both high-speed and high-torque operations. A 4000
RPM, 7.46 kW (peak 5000 RPM and 48 Nm torque) motor is selected as the load
motor. Its primary purpose is to provide a programmable dynamic load. The test
motor and the load motor are connected through a series of Bellow couplings that
are selected for minimal inertia, maximum stiffness, high torque and high speed
capacity. In between the mechanical couplings are other components such as a
brake, clutch, torque sensor, etc. Each coupling can endure more than 54 Nm in
the torsion direction. All components are held rigidly against a variety of load
profiles by long steel rails. Set screws are used for the fine adjustment of the pitch
and yaw of each component. The current test bed set-up is shown in Figure 4.3.
Three current sensors, two position encoders, four thermistors, and one
torque sensor are used to develop the performance data sets and to monitor the
test motor state variables in real time. The current sensors measure three phase
input currents to the test motor. A 12 bit incremental encoder is used to determine
precise rotor position. A 1 kHz bandwidth Surface Acoustic Wave (SAW) torque
sensor is used to fully measure the performance of an actuator and to enable torque
control of the load motor. The specifications of these sensors will be discussed in
detail later.
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Figure 4.5: The test motor
4.3.1 Test Motor Selection
Permanent Magnet Synchronous Motors (PMSM) are useful prime movers
in the field of robotics, because they have some distinct advantages compared to
conventional DC motors that do not have permanent magnets on their rotors.
PMSM are an attractive choice for heavy duty applications because large torque
output can be obtained during high acceleration and deceleration rates. PMSM
is chosen as the test motor for a practical robotic application. PMSMs have high
torque and low speed compared with the motors used in manufacturing applica-
tions. The parameter values in the test motor are referenced from the Advanced
Lightweight Prototype High-performance Arm (ALPHA) project of UTRRG in
1991 sponsored by the Defense Advanced Research Project Agency (DARPA) [56].
The motor inside of the 2 DOF Knuckle Module is used to develop performance
criteria from the Nonlinear Test Bed [51].
The PMSM used for testing was provided by Kollmorgen. It has Samarium-
Cobalt rare earth magnets, three phase wye connection and built-in Hall effect
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Parameter Value Unit
Model number RBE 03001-A50
Power at peak torque 1.98 kW
Peak torque 28.2 Nm
Max. Cont. Stall Torque 5.1 Nm
No Load Speed 650 RPM
Cont. current 7.6 Amps
Peak current 17.2 Amps
Rotor inertia 7.8 ×10−4 kgm2
Table 4.1: Test motor parameter values
devices for electronic commutation. As seen in the Table 4.1, the maximum power
is 1.98 kW, the synchronous speed is 650 RPM, and the peak torque is 28.2 Nm.
The continuous stall torque of this motor is measured by experiment.
Figure 4.6: The load motor - PMSM
4.3.2 Load Motor Selection
In order to select the load motor, various types of motors were investigated
in terms of having a larger torque-speed curve range than the test motor. PMSM
brushless DC motor was selected, because it has a larger torque and speed range
than any other type of motor. This load motor was also chosen because its inertia
is small when compared with an induction and DC brushed motor. Figure 4.6
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shows the Kollmorgen GOLDLINE series motors that is used as a load motor in
this experiment.
Figure 4.7: Load motor selection - BE-406-C
In Figure 4.7, the solid lines represent the load motor capacity, and the
torque-speed curves are divided into continuous and intermittent cases. The in-
termittent rates are unknown but the curve shows the performance of the motor
capacity in the intermittent zone is improved by two fold. The torque-speed curve
for the test motor is shown in Figure 4.7. These two curves show the BE-406-C
motor from Kollmorgen [47] is appropriate as a load motor in this experiment due
to the larger capacity for torque and speed than the test motor. Table 4.2 shows
the specification of the load motor being used for this test. Notice the power is
almost 7.20 kW. The maximum speed is 5000 RPM and the maximum torque is
38.2 Nm. It has very small inertia and needs 250 VAC in order to run the motor
at maximum speed. However, the wall outlet voltage in UTRRG laboratory only
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Parameter Value Unit
Model number Goldline BE-406-C
Power at peak torque 7.16 kW
Speed at rated power 5000 RPM
Max speed 5000 RPM
Cont. stall torque 18.01 Nm
Peak torque 48.21 Nm
Cont. current 27.2 Amps RMS
Peak current 81.4 Amps RMS
Rotor inertia 0.000929 kgm2
Weight 15.9 kg
Static friction 0.287 Nm
Max. line-to-line voltage 250 Volts RMS
Number of poles 4 pc
Table 4.2: Load motor specifications
provides 208 VAC so 5000 RPM is not possible. However, it is enough to test
the motor. The maximum current that the motor will need is quite large so the
amplifier should be carefully selected.
4.3.3 Amplifier Selection
The amplifier is the electronic power converter that drives the motor ac-
cording to the controller reference signals. The test motor and load motor in this
experiment are permanent magnet synchronous motors, so sinusoidal AC brushless
amplifiers are used. These amplifiers use encoder signals for commutation feed-
back. The amplifier drives the motor with sinusoidal currents, resulting in smooth
motion. Hall effect sensors are needed for startup since the encoder provides only
incremental position information and not the current angular location of the rotor
relative to the stator.
The first step in amplifier sizing is equating the power requirement of an
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Parameter Test Motor Amplifier Load Motor Amplifier
Company name Advanced Motion Control Advanced Motion Control
Model number SE30A40 S100A40AC
Peak current 30 A 100 A
Continuous current 15 A 50 A
AC Supply voltage 45 - 270 VAC 85 - 270 VAC
Table 4.3: Amplifier specifications
amplifier to that of a motor. Servo amplifiers typically have both continuous and
peak current ratings along with a maximum voltage rating. The peak current
rating is available for acceleration/deceleration requirements for transient loads
and is typically available for two or more seconds. Voltage and current ratings of
an amplifier need to be matched with a motor’s winding constants to yield the
desired performance. The amplifier voltage and current ratings are determined
from the maximum motor voltage, maximum motor current and continuous motor
current. It is recommended to select an amplifier with a voltage rating of at
least 20% higher than the maximum voltage to allow for regenerative operation
and power supply variations. The amplifier peak current rating should exceed
the maximum motor current requirements. The peak current of the test motor
amplifier is 30 Amps which exceeds the peak current value of the test motor. Also,
the supply voltage that the amplifier needs is less than 270 VAC. In Table 4.3, the
load motor amplifier is also selected by comparing the maximum peak currents of
the motor and amplifier. The 100 Amps peak current of the load motor amplifier
satisfies 81 Amps peak current of load motor. The supply DC voltage from power
supply is 291 VDC.
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Company Name Advanced Motion Control
Model Number PS30A
AC Supply Voltage 45 - 240 VAC, 1 or 3 phase, 50 60 Hz
Peak Current 30 Amps for single phase AC input
Continuous Current 15 Amps for single phase AC input
Table 4.4: Specifications of test motor power supply
4.3.4 Power Supply Selection
The power supply is sized to match the amplifier and motor power require-
ments and typically includes a logic power supply along with regeneration circuitry.
The power output rating of a power supply must exceed or equal the combined
average power of all servo drives operating simultaneously. Taking into account
motor and drive losses for permanent magnet servos, PS30A in Table 4.4 is cho-
sen as a test motor power supply because peak current and supply voltage exceed
the requirements of the test motor amplifier specification. The power supply for
the load motor is attached to the load motor amplifier. The load motor amplifier
(S100A40AC) has the power supply in the model so the input DC voltage directly
supplies to the amplifier through the internally connected lines.
4.3.5 Clutch Selection
Electromechanical clutch developed by Ogura is used as shown in Figure 4.8.
The clutch operates via an electric actuation but transmits torque mechanically.
When the clutch is required to actuate, voltage is applied to the clutch coil. The
coil becomes an electromagnet and produces magnetic flux. Then, this magnetic
flux is transferred through the small air gap between the field and the rotor. The
rotor portion of the clutch becomes magnetized and sets up a magnetic loop that
attracts the armature. The armature is pulled against the rotor and a frictional
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force is developed at contact. Within a relatively short time the load is accelerated
to match the speed of the rotor, thereby engaging the armature and the output
hub of the clutch. When current is released from the clutch, the armature is free to
turn with the shaft. Springs hold the armature away from the rotor surface when
power is released, creating a small air gap. Figure 4.9 describes the schematic
diagram of the clutch.
Figure 4.8: Ogura clutch installed in NTBA
To determine the selection of a clutch, we need to know how much torque
and speed are governing the whole system. The maximum torque and speed han-
dled by the clutch should be larger than the governed shaft torque and speed.
Clutch selection charts provided by the manufacturer [69] help to choose the cor-







where HP is the horse power for brake and clutch, T is the torque in Lb-ft, N
is the speed at clutch location in RPM, and K is the motor overload factor for
clutch.
Figure 4.9: Electromechanical clutch [69]
The no load speed of the test motor is 650 RPM, and the maximum power
is 1.98 kW. Also, because the motor overloading factor, K, is equal to 2, the
acceptable torque for the clutch is approximately 40 Nm. Therefore, VCEH2.5P
in Table 4.5 shows that the 29 Nm static torque for the clutch is larger than the
value obtained from Equation (4.1). In addition, the maximum speed of the test
motor is within the maximum range to be handled by the clutch module.
4.3.6 Coupling Selection
The NTBA uses Bellows couplings (Figure 4.10) to connect each component.
The major characteristic of this specific coupling is high clamping forces to hold
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Company Name Ogura Industrial Corp.
Model Number VCEH2.5P
Power 25 W
Static Torque 29 Nm
DC Voltage 24 V
Moment of Inertia 0.000017 kgm2
Table 4.5: Specifications of electromechanical clutch
the shafts, so there is almost zero backlash. The way to hold the shaft is that
the tapered conical sleeve slides inside the bore of the Bellows coupling and the
outside shafts, and then by using the screws, the sleeve pushes into the body of
the coupling. The tightening torque is 8 Nm and the stiffness of the coupling is
76000 Nm/rad in this application. The rated torque that can be handled by the
chosen coupling is 60 Nm (or 44.3 Lb-ft). Also, the coupling is very light so it has
very small inertia compared with the other type of couplings. The axial and lateral
misalignment will be accommodated 1.5 mm and 0.2 mm respectively if necessary.
Figure 4.10: Bellows Coupling - R&W America
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4.3.7 Torque Sensor Selection
In order to fully measure the performance of an actuator and to enable
torque control of the load motor, a torque sensor is needed. The torque sensor is
required to have a torque, speed range, and a torsional stiffness higher than the
operational range of the test motor. The procedures for choosing the right torque
sensor are as follows:
• Find the maximum average running torque.
• Estimate the peak torque.
• Check the extraneous loads.
• Verify the speed rating.
• Verify sensor accuracy.
• Specify the power source.
• Specify the output signal.
• Choose the optimum torque sensor.
By using the above procedure, the non-contact rotary torque sensor in Figure
4.11 was selected. Since the Nonlinear Test Bed is required to test a range of
actuator sizes with their respective torque-speed curves, an accurate torque sensor
was sought. Typical high quality industrial torque sensors are rated to 0.5% full
scale accuracy. This means, for example, that if the torque sensor’s full scale is
10 Nm, the output measurement will only be good to ±0.05 Nm. This is great if
the operating point of the measured experiment is around 5-10 Nm. However, if
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the same sensor was used in an application with smaller torque magnitudes, the
error would be a larger percentage of the measured quantity. A balance between
accuracy and economy can be found in Surface Acoustic Wave (SAW) technology.
Table 7 explains more about the specification of the torque sensor that we have
chosen [24].
Figure 4.11: Torque sensor - Sensor Technology
SAW technology is a relatively new when used for sensing torque. SAW
transducers are similar in appearance to strain gages but they operate on a com-
pletely different principle. Each transducer has two sets of interdigital electrodes
etched on a piezo-electric substrate. One is excited at ultrasonic frequencies and
the other receives this acoustic wave after it propagates along the surface of the
shaft, converting back to an electrical signal.
In a half bridge configuration, these sensors are temperature compensated,
and have an accuracy that is superior even to the strain bridge (0.25% of full
scale) [103]. A radio frequency coupling reliably transfers the sensor signal from
the half bridge to a signal conditioning circuit. Since the radio frequency coupling
is non-contact, the sensor is highly reliable. The change in torque is reflected in the
change of frequency of the transducer signal. For this reason, signal conditioning
85
Figure 4.12: SAW transducer arrangement and electronic connection [24]
Manufacturer WEN technology
Model Number E300RWT1-3
Max.Torque 40Nm = 29.5 Lb-ft
Operational Speed 15000RPM
Accuracy ±0.5%
Analog Torque Output ±5 V
Table 4.6: Torque sensor specifications
circuitry is needed to convert the signal to a form that can be used by a controller.
4.3.8 Position Sensor Selection
The Test Bed required two encoders, one for the load motor and the other
for the test motor. The load motor encoder was obtained from Kollmorgen and is
embedded inside of the load motor. A through hole encoder is required for the test
motor for accurate measurement of the output shaft position. Both of the encoders
are incremental optical encoders and have 2048 cycles per turn resolution. Model
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260 from Accu-Coder encoder company is used as the test motor encoder. This
encoder has three Hall sensors with up to 12 pole commutation available.
Figure 4.13: A typical method of determining rotor position using Hall switches
In brushless motors, commutation is performed by electronically sending
the motor current to the appropriate winding. To do this, the rotor position is
determined using an Accu-Coder encoder. Figure 4.13 shows a typical method of
determining rotor position using Hall sensors. The encoder containing Hall devices
is aligned with a magnet on the rotor, so that the relationship shown between
the Hall outputs and the motor back EMF can be established. The mounting
instructions for the Model 260 encoder to the test motor is as follows:
• Slide the Model 260 encoder over the motor shaft.
• Tighten the socket head screw in the clamping collar.
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Manufacturer Encoder Products Co.
Model Number Model 260 Ultra Versatile Commutated
Thru-Bore
Resolution 2048 CPR
Number of Channels Dual with Index
Max. Speed 7500 RPM
Accuracy 0.01◦ mechanical angle from one cycle to
any other cycle
Table 4.7: Specification of test motor encoder
• Lock the motor rotor to hold the motor shaft in a fixed position for alignment
to the commutation channels.
• Rotate the motor shaft while viewing encoder signals on an oscilloscope.
• Check the alignment by turning the motor shaft and comparing the back
EMF and Hall signals as shown in Figure 4.14.
The specifications of the test motor encoder are contained in Table 4.7. The
encoder signals provide feedback to control the position and speed for the operation
of the motors.
Figure 4.14: Commutation alignment with motor winding
88
4.3.9 Current Sensor Selection
Though current may be measured by inference using a known phase resis-
tance and inductance and measuring the voltage across it, this inference is not
accurate enough for a variable temperature environment like an actuator (both
resistance and inductance change with temperature). In order to obtain a direct
measurement of current, a current sensor was needed. Typical direct methods of
measuring current include using a calibrated shunt resistor (by measuring the volt-
age across it), an inductive coil, or a Hall-effect current sensor. The shunt resistor
offers simplicity but changes the phase resistance substantially. Both the inductive
coil and Hall-effect sensor use the magnetic field of the current-carrying wire to
produce a voltage indicating the current. Between inductive and Hall-effect cur-
rent sensors, the Hall sensor offers faster response time (less than a micro-second).
The Hall-effect current sensor is also the industry standard, benefiting from the
refinement of competition and low cost.
Figure 4.15: Schematic of closed loop current sensor [37]




Nominal Current 25 A
Peak Current 36 A
Nominal Output Current 25 mA
Accuracy at ±15 V ±0.5 %
Sense Resistor 218 Ohms
Table 4.8: Specification of current sensor
Both have similar construction with a ferromagnetic core that provides a closed
magnetic circuit in line with the Hall-effect sensor. In the case of the open loop
sensor, the Hall-effect sensor produces a voltage proportional to the magnetic flux
(and therefore the current) of the circuit. Since the measurement is passive, it is
subject to drift and electromagnetic interference. A closed loop current sensor has
an active inductive coil wrapped around the magnetic core providing an equal and
opposite flux. A control loop is built into the sensor that continuously seeks to
cancel the flux in the wire by generating an equal and opposite flux in the inductive
coil (see Figure 4.15). The measured value of the current in the inductive coil is
proportional to the current flowing in the phase being measured. The Hall-effect
sensor is only used as part of the control loop. It does not provide the output
signal as with the passive variety. The close loop sensor is the superior choice in
this application. Figure 4.15 shows a schematic diagram for a closed loop current
sensor using the Hall-effect phenomenon.
One current sensor is needed to measure the current in each phase of the
actuator. Since the current is the same throughout the circuit, these sensors may
be located anywhere between the amplifier and the actuator. Inductive current
sensors operate best when the wire being measured passes through orthogonal to
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the sensor. For this reason, an FW Bell closed loop current sensor was purchased
(see Table 4.8). These sensors route the current-carrying conductor through the
Hall sensor loop at a right angle. Table 4.8 represents the specification for the
closed loop of current sensor provided by FW Bell.
4.3.10 Temperature Sensor Selection
In order to facilitate the measurement of criteria for an actuator, system
testing must reflect temperature dependencies of the actuator system. A tempera-
ture sensor was needed to enable this testing. There are three types of temperature
transducers that provide a temperature-dependent voltage signal. These are ther-
mocouples, thermistors, and RTD’s. All of these have similar geometries and are
available in the temperature range that the PMSM phase windings will experience.
EMF interference is one factor that helps in deciding the best temperature sensor
for this application. Thermocouples are passive devices (not powered) that provide
a small voltage signal due to the Seebeck effect [46]. Since the signal is small, it
requires shielding from EMF noise and preamplification. These two factors made
thermocouples the least desirable of the three options for this application.
Both thermistors and RTDs are temperature sensitive resistors. By placing
them in a simple voltage divider circuit, they provide a simple clean signal. RTDs
are superior both in accuracy (fractions of a degree) and in temperature range (up
to 400◦F ) than the thermistor, but they are more expensive. Because the appli-
cation demands no more than ±1 degree of accuracy, and the upper range is well
within the bounds of standard thermistors, a thermistor is used for temperature
measurements.
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Figure 4.16: Thermistors [77]
Figure 4.17: FE analysis in the test motor (3 phases, 12 poles PMSM)
4.3.11 Magnetic Flux Density Sensor Selection
The Hall generator is used to measure magnetic flux density. This sensor
provides an output voltage proportional to the magnetic flux density. The Hall
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effect develops a voltage across a conductor when current is flowing and the con-
ductor is placed in a magnetic field. The voltage generated across the width of the
conductor is called the Hall voltage. The Hall voltage can be given as follows.
VH = γBB sin θ (4.2)
where VH is Hall voltage (mV), γB is the magnetic sensitivity (mV/kG), B is the
magnetic field flux density (kG), and θ is the angle between magnetic flux vector
and the plane of Hall generator. The sensor used in this research was the Lake
Shore Hall Generator (HGT-1010). The sensor needed a current source (100 mA)
and its sensitivity was set as 8.60 mV/kG.
Figure 4.18: Installation of magnetic flux density sensor inside the stator of a
PMSM
Figure 4.17 shows the FE analysis of magnetic flux distribution generated
inside the PM motor. The values shown in the right-hand corner represent the
physical values of magnetic flux density in Teslas (T). Based on these values, the
best location to obtain the maximum value of the magnetic flux is the air gap
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Manufacturer Lake Shore Cryotronics, Inc.
Model Number HGT-1010








Table 4.9: Specification of magnetic flux density sensor
between the rotor and stator poles. Thus, the magnetic flux sensor was mounted
on the surface of the stator poles as shown in Figure 4.18. The air gap between
the rotor and stator poles of the motor was 0.03 inches and the thickness of the
Hall sensor was 0.02 inches. Therefore, the sensor was barely able to be installed
in the air gap without causing a mechanical problem. For the current position of
the sensor shown in Figure 4.18, the maximum theoretical flux density was 0.9 T
on the stator pole.
4.3.12 Hysteresis Brake Selection
A hysteresis brake is used to perform torque ripple and acceleration tests as
mentioned in Chapter 5. The load motor is not appropriate for the torque ripple
test, because the torque ripple from the test motor might be confused with the
torque ripple from the load motor. Also, acceleration tests need a device to control
the motor torque independent of the rotor speed. The Magtrol hysteresis brake
[55], which is used in these tests, provides absolutely smooth, infinitely controllable
torque loads, independent of speed, and they operate without any physical contact
with components in the test bed. Figure 4.19 represents the schematic diagram
for Magtrol hysteresis brake.
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The hysteresis brake is made up of two primary members, the pole structure
and the rotor, that interact magnetically to produce a braking or clutching force.
The pole structure, which is made up of an inner pole, an outer case, and a coil,
form the fixed member of a brake assembly or the driven member of a clutch
assembly. The geometry of the pole structure is such that it forms an inner and
outer pole structure with a close tolerance air gap into which a drag cup (or rotor)
is fitted. The rotor is affixed to a shaft and suspended in the air gap by a set of
shaft bearings and forms the rotating member of a brake assembly or the output
member in a clutch assembly.
Figure 4.19: Hysteresis brake
As current is applied to the coil, a magnetic field proportional to current
is established within the air gap. The rotor, which is located within the air gap,
becomes magnetized. Due to its specific hysteresis properties, the rotor resists
movement, creating a braking torque between the pole structure and rotor. The
transmitted torque remains constant and smooth as the rotor is forced to rotate
within the air gap and will respond to increases or decreases in coil current with
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corresponding increases or decreases in torque. The removal of coil current and
changes in coil current result in a smooth transition from one torque level to the
next. Under certain operating conditions, however, it is possible to set up a salient
pole condition on the brake rotor that can result in “Cogging Torque”. Cogging
torque is an inherent characteristic of a hysteresis brake that should be avoided by
a proper operation shown in [55].
4.4 System Motion Controller and Operational Software
4.4.1 Motion Controller
The PMSM is sinusoidally commutated. Commutation is implemented elec-
trically with a drive amplifier that uses semiconductor switches to change current
in the windings based on rotor position feedback [2]. There are two common meth-
ods to vary the current supplied to the motor windings. The traditional method
depends on the amplifier to commutate the current based on position feedback.
The second method is to use a motion controller to commutate the first two phases
and to allow the amplifier to determine the value of the third phase [26]. Since the
sum of the currents at any time is zero, the current in the third phase equals the
inverse of the first two currents. Figure 4.20 shows this schematically. A National
Instruments (NI) motion controller is used to provide a sinusoidal commutation to
the load motor [66].
NI products have proved to be extremely useful to the instrumentation,
control, and software development of this test bed. For motion control, NI’s PXI-
7358 8-axis motion control card is used. Two axes of this board are used for the load
motor and one for the test motor. The load motor drive does not need an encoder
and Hall sensor feedback, because the sinusoidal commutation of the load motor
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Figure 4.20: Sinusoidal commutation of the motion controller [26]
is done by the motion controller. As such, the Hall and position feedback signals
are directly sent to the PXI-7358. For the test motor, encoder and Hall signals
are needed for feedback to the amplifier and complete the sinusoidal commutation
loop to run the test motor. Also, in order to control the test motor in torque mode,
the torque sensor analog signal is connected to one of the analog input channels
on the NI motion controller. This channel is then used as a feedback signal for the
test motor. With this arrangement, the load motor is speed controlled while the
test motor is torque controlled. The clutch is instrumental in the safe operation of
the test bed. The operational command for the clutch is provided by the motion
controller. Default for the clutch is “off”. This is done to prevent the unintentional
transfer of large torques from the load motor to the test motor during initialization.
4.4.2 Data Acquisition
The values of interest from sensors in the test bed are position, velocity,
acceleration, torque, temperature, voltage, and current. An NI-SCXI signal pre-
conditioning module cleans up the noisy raw data from the test bed. The SCXI
8th order programmable Bessel filter is installed for this purpose in the test sys-




Description Brushless motor controller with sinusoidal
commutation




PXI with bi-directional FIFO




Table 4.10: Specification of motion controller
passband magnitude response begins to drop off immediately with 7 kHz cutoff
frequency. A Bessel filter has almost zero phase shift and it is not sensitive to
overshoot or ringing in the step response. For data acquisition, an NI-PXI-6040E
multifunctional DAQ board is used to read the 11 analog input signals at 22.7 kHz
per channel, 12-bit resolution. The Real Time System Integration (RTSI) bus con-
nected internally in the PXI machine is used for high speed data synchronization.
NI-Motion and Measurement & Automation Explorer (MAX) configuration utility
is used to provide complete control over the characteristics of the actuator con-
trol system. MAX uses a Graphical User Interface (GUI) to initialize the motion
board, configure each axis, set control loop gains and set motion thresholds [66].
4.5 Operations of Nonlinear Test Bed for Actuators
Once the test bed has all of the required mechanical and electrical parts,
signal wires are connected from the controller to each component. The power lines
for each piece of measurement equipment and amplifiers are connected with power
supplies. Encoders and Hall sensors need 5V, and their power is provided from
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the controller interconnection block as shown in Figure 4.4. Current sensor needs
±15V, so it has its own power supply. In addition, thermisters require ±15V and
the power is provided by the same power supply. Two power relays are used to
disconnect the current flow if there is a power surge as represented in Figure 4.21.
Each of the power relays is connected in series between amplifier and power supply.
Figure 4.21: Analog circuit for emergency stop
A voltage divider circuit is also fabricated in order to take the voltage signals
from the test motor. These signals are scaled down to ±10V. The sensor signals
are sent to the motion controller through the interconnection block. There are 12
input signals that will be collected: three voltage signals, three current signals, four
temperature signals, one magnetic flux density signal and one torque signal. In
the test motor, encoder and Hall signals are needed for feedback to the amplifier.
These signals are needed to complete the sinusoidal commutation loop to run the
test motor. The load motor does not need to feedback the position signals and Hall
signals to the amplifier, because the load motor commutates the current signals in
the motion controller and not in the amplifier. The test motor amplifier ground
is not isolated from the power line, so the grounds for the amplifier and motion
controller are connected to earth. Moreover, the one to one ratio of the isolated
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power transformer is used to transfer the voltage range of between ±76VDC to
the voltage output range of 0VDC to 169VDC. Finally, in order to control the
engagement of the clutch, one of the digital output channels is used. This signal
will be sent to the clutch in an emergency case or during operation.
The NI motion controller provides over 100 commands for specifying motion
and machine parameters. Commands are included to initiate action, interrogate
status and configure the controllers and filters. These commands can be sent
in Virtual Instruments (VIs) using the Labview program. These VI commands
help the user to generate, store and execute many complex application programs.
Additionally, NI provides example files to develop the program easily for motion
control, data acquisition, and signal processing. All of these features helped us to
build a real time operation system with fast sampling and feedback update speed.
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Chapter 5
Test Regime and Stochastic Processes
In practice, motors, used for complex operations as found in robotics and
automation, operate under conditions where parameters such as room temperature,
load and velocity profile, and task type are constantly changing. As a result,
the motor loading is driven by nonlinear, nonstationary and stochastic variables.
However, the influence of load variation on motor performance has not received
proper attention from engineers. This can be seen from the fact that motor catalogs
and brochures do not present enough information about the response to nonlinear,
periodic loadings [41]. Therefore, the first goal of this study will be development of
the test protocol to generate the motor performance maps under variable loadings.
Additionally, the stochastic processes are discussed to support the test results
presented in Chapter 6. All of the test regimes established in this report are based
on the performance criteria developed in Chapter 3. Table 5.1 presents the symbols
of the sensors, test motor and load motor parameters that used to describe the
test procedures and test results.
5.1 Test Regime for Permanent Magnet Synchronous Mo-
tor
5.1.1 Dynamic Loading Test
Generally, the torque-speed curve is obtained by increasing the load torque,
Tm, with a fixed value of speed, ωL, in current mode. However, this torque-speed
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Symbols Descriptions
iT1 Current in phase 1 of the test motor.
iT2 Current in phase 2 of the test motor.
iT3 Current in phase 3 of the test motor.
VT1 Voltage in phase 1 of the test motor.
VT2 Voltage in phase 2 of the test motor.
VT3 Voltage in phase 3 of the test motor.
Vb Voltage applied to the hysteresis brake to generate a re-
action torque.
TL Torque generated at the load motor.
Tm Torque generated at the test motor. The test motor con-
trols the torque of the whole system.
Ta Torque measured in torque sensor.
Tr Torque ripple amplitude.
ωL Rotor speed of the load motor. The load motor controls
the speed of the whole system.
ωT Rotor speed of the test motor.
ωw Speed of the whole system including test motor, load
motor, bellows couplings, and clutch. sw equals to sL and
sT when the test motor and the load motor are engaged
by the clutch, and they are operated together.
ωb Speed of the mechanical components including test mo-
tor, hysteresis brake, bellows couplings, clutch.
aL Rotor acceleration of the load motor.
aT Rotor acceleration of the test motor.
aw Acceleration of the whole system including test motor,
load motor, bellows couplings, clutch.
ab Acceleration of the mechanical components including test
motor, hysteresis brake, bellows couplings, clutch.
tr torque rise time.
CT Temperature inside the test motor.
MT Magnetic flux density of the test motor.
Table 5.1: Symbols used in electromechanical motor testings
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plot does not show the effect of several different kinds of dynamic loads such as
sinusoidal, ramp, and arbitrary nonlinear periodic loads. In this research, given one
of these loading types, several tests are performed with different peak magnitudes
and cyclic frequencies. The whole loading period for each test is at least one minute
in order to see the effect of different torque profiles. The generated torque, Ta, is
recorded as a state at each time step to compare the value of the measured state
with the monitored state values obtained from a Condition Based Maintenance
system in real time [42]. In all of the tests with different dynamic loadings, it should
be noted that both the amplifier and motion controller influence the performance
of the test motor. Using this test protocol, only sinusoidal loading is applied and
the operational margin of torque-speed performance map is obtained.
Figure 5.1: Torque-speed curve with dynamic loading
The conceptual diagram of the test procedure for the operational margin
criterion is represented in Figure 5.1. The amplifiers for the test motor and the load
motor use current feedback. The motion of the load motor disturbs the motion of
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the test motor. Thus, the side effect generated between these two torque-generators
is the output shaft torque, Ta. Increasing or decreasing speed, ωL, in the load motor
can change the output torque, Ta, measured from the torque sensor. Also, varying
the magnitude and cyclic frequency of the load torque, Tm, in the test motor can
affect the measured torque, Ta, obtained between these two motors. The test motor
and the load motor cannot run independently at the start of the test. Because they
are connected by a clutch, the position and velocity feedback signals have to be
used only in the load motor controller which has a higher power capacity. The test
motor has only a torque feedback control loop. The torque-speed curve is obtained
by increasing and decreasing the speed of the load motor. In each speed region, the
electrical torque command from the test motor is increased until it produces the
highest value of torque, Ta, without changing the speed, ωw, provided by the load
motor. Figures 5.2 and 5.3 represent Labview1 programs to control the test motor
and the load motor separately. Currents, iT1, iT2, iT3, voltages, VT1, VT2, VT3,
torque, Ta, temperature, CT , and magnetic flux density, MT , signals are collected
in the Labview program for the load motor controller as shown in Figure 5.3. Also,
velocity, ωw, and acceleration, aw, signals are measured in the Labview program
for the test motor controller as shown in Figure 5.2.
An operational performance map is obtained as a range of torque-speed
curve values corresponding to several different cyclic frequencies in sinusoidal load-
ings at the test motor. The nonlinear sinusoidal loading is performed by pro-
grammed torque, Tm, at the test motor. In order to measure the loading torque,
Ta, the test bed has a torque sensor which can measure up to 40 Nm. Each test is
1The graphical development environment for creating flexible and scalable test, measurement,
and control applications rapidly and at minimal cost.
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repeated at least 20 times to allow for statistical analysis. The data obtained from
all of the tests is analyzed by generating the mean and standard error values with
the proper assumption of a normal distribution.
Figure 5.2: Labview program to control the test motor
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Figure 5.3: Labview program to control the load motor
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5.1.2 Loading Test Using Constant Torque, Ta
The test set-up for the generation of constant torque, Ta, to obtain the
performance maps for motor efficiency, power loss, temperature, CT , magnetic flux
density, MT , magnetic flux energy, (BH)max, and torque, Ta,-current, iT1, ratio is
quite direct. The mechanical torque output signal, Ta, from the torque sensor and
the speed, ωw, of the load motor from the encoder are monitored at the same time.
Also, the currents, iT1, iT2, iT3, and voltages, VT1, VT2, VT3, signals in each of three
phases of the test motor are measured and recorded in three current sensors and
three voltage divider circuits wired through the test motor power lines in real time.
In addition, the temperature and magnetic flux sensors installed in the test motor
are monitored in this test. For the constant torques, Ta, measured in the torque
sensor, the electrical torques2 from the test motor develop different magnitudes
of nonlinear torque profiles. By changing the amplitude in each load profile, the
currents, iT1, iT2, iT3, provided from the test motor amplifier influence the output
power of the test motor. The test procedures are as follows.
• At rest, both motors are connected by engaging the clutch.
• The load motor starts to run at a constant speed, ωL. The speed, ωw, of the
system is governed by the load motor.
• At the same time, the test motor is operated in a certain repeating torque
profile. This torque, Tm, is generated by providing the current command
required to run the motor to the test motor amplifier. The torque, Ta, applied
to the system is controlled by the test motor.
2Electrical Torque: command voltage output to the test motor amplifier
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• The measured data during the operation is recorded by the DAQ board.
• This test is repeated for different speeds, ωL, of the load motor.
• The torque sensor measures the output torque, Ta, of the test motor.
Figure 5.4: Experimental results of voltage, current, and torque responses in the
constant motor speed of 100 RPM and the desired constant torque of 4.5 Nm
The Labview program of Figure 5.2 is modified to develop constant torque
output, Tm, in the test motor. The sinusoidal command input is applied in the
sinusoidal loading test of Section 5.1.1 and the voltage input is commanded to
control the constant torque, Tm, in the test motor. In Figure 5.4, three currents,
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iT1, iT2, iT3, in three phases from the test motor amplifier were provided to generate
a torque, Ta, of 4.5 Nm in the test motor. Three sinusoidal voltage signals, VT1,
VT2, VT3, were driven in 120
◦ phase lags. The torque, Ta, curve shown in Figure
5.4 has some ripples in it. The loading test using constant torque, Tm, developed
in the test motor describes several different levels of torque profiles used to develop
efficiency and motor loss performance maps. The procedures to obtain these maps
are as follows.
• From the tests in this section, three currents, iT1, iT2, iT3, three voltages, VT1,
VT2, VT3, speed, ωw, and torque, Ta, signals for the test motor are collected.
• To obtain the efficiency map, the input and output powers to the motor are
calculated using Equation (3.1).
• Copper loss is determined based on Equation (3.6). A RMS value of armature
current, iT , per phase in the test motor is calculated from the test data.
• To obtain the core loss, the values of power input and copper loss are needed.
They have been already determined in the previous procedures.
• The sum of core loss and mechanical friction loss are acquired by subtracting
copper loss from the power input to the test motor.
• To determine the core loss, Equation (3.10) is used and a square of speed
EMF and a core resistance should be defined. They are properly explained
in Section 3.4.2 and Figure 5.5.
• To find a core resistance of the rotor in the test motor, no-load testing is
performed [43]. Power output is zero due to no load.
109
• As shown in Figure 5.5, the slope is the reciprocal of the core resistance as
mentioned in IEEE-112 [43]. The core resistance is determined as 29.5 Ω.
Additionally, the friction loss is acquired by the area bounded below by zero
and above by the y-intercept3. It is not bounded in x -direction.
• The core loss is calculated by multiplying the core resistance and the square
of speed EMF.
Figure 5.5: No load test at reduced voltage
Torque-current ratio and magnetic flux density performance maps are also
obtained in this constant torque test. The torque-current ratio map is determined
from torque, Ta, current, iT , and speed, ωw, data in sensors attached in the test
motor. The magnetic flux density and maximum magnetic flux energy performance
maps are obtained as follows.
3y-axis is the Ploss axis. x -axis is the SSE axis in Figure 5.5. The square of back EMF is
used in x -axis in order to obtain the slope of Ploss with respect to the square of the speed EMF
(SSE). Ploss is almost proportional to the SSE [43].
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• The magnetic flux density, MT , signals are measured in Hall sensors attached
in the stator of the test motor, and they are sent to the DAQ board by the
motion controller as the other sensor signals are collected.
• The temperature, CT , is measured at 11 minutes after starting the test. The
magnetic flux density is affected by the increment of temperature.
• The 3D plot of magnetic flux density map is drawn based on torque, speed
and temperature.
• B -H curve is generated from the magnetic flux density data and one of three
current signals in the test motor stator.
• The area of B -H curve is the (BH)max. The 3D plot of max magnetic flux
energy map is obtained with respect to torque and speed.
5.1.3 Temperature Test
The temperature distribution is affected by the properties of the conductors
and magnetic materials in an electromechanical motor and the performance of the
electromagnetic force, which is generated from the reaction between stator and
rotor. The most temperature sensitive parameters are the stator winding resistance
and the iron core of the stator [92]. The resistance variation is determined over
the operational temperature range of the motor.
Figure 5.6 shows the test motor stator and four locations chosen for the
measurements of the temperature inside the test motor. There are four holes
through the front cover face of the stator and four thermisters are attached on the
stator windings and core by using epoxy. The temperature sensors are attached
to the stator as shown in Figure 5.6(b). The winding wires have insulation so the
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Figure 5.6: Installation of temperature sensors
sensors actually measure the temperature on the insulation of the wires. However,
it is too hard to find a way to measure the actual temperature of the wires, so in
this report, when the temperature calculation is performed, it is assumed that the
insulation temperature equals to the wire temperature.
As mentioned in Section 5.1.2, the same torque, Tm, profiles are generated
in the test motor while the load motor runs at a certain speed, ωL, to produce
the torque-speed curve. At this time, there is one more measurement parameter,
which is temperature, CT . The operating temperature, CT , of the test motor is
considered between 25◦C (an ambient temperature) and 90◦C. The temperature
values measured in four different locations inside the test motor. They measure
the temperatures for phase one, phase two, phase three and the stator core, and
they are recorded with respect to torque, Ta, and speed, ωw, values to generate the
3D performance map.
5.1.4 Transient Response Test
As one example of the transient response tests, the rise time, tr, is measured
at several torque, Ta, and speed, ωw, levels in this report. A step torque, Tm, input
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to the test motor is applied to clearly identify the changes of the torque magnitude.
The response time for torque changes is as fast as predicted earlier (less than 10
msec) and there is almost no overshoot. Also, there are some torque ripples with
signal noise, which are discussed in Section 3.7. In Figure 5.7, the rise time for
the torque, Ta, response can clearly be identified as 0.24 msec. This criterion test
generates performance maps for a number of torque, Ta, and speed, ωw, values.
Figure 5.7: Measurement of rise time, tr, at the reference inputs of 300 RPM and
6 Nm
The torque rise time, tr, is limited by the mechanical inertia and the per-
formance of the motion controller as mentioned in Section 3.5. However, the exact
value of the system inertia is not required to be known because the torque rise
time can be directly obtained from one of the Labview programs used in this re-
port. The Labview program shown in Figure 5.3 has a triggering command to the
DAQ board which pulls out the torque, Ta, signals at a steady rate. The collec-
tion of the sensor data is performed synchronously and the sampling rate can be
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estimated. These values are fixed and never changed during the test. The data
from the torque rise time test is generated from the test set-up to create constant
torque, Ta, values using the test motor and the load motor. The procedures for
this transient response test are as follows.
• At rest, both of motors are connected by engaging the clutch.
• The load motor starts to run at a constant speed, ωL. The speed, ωw, of the
system is governed by the load motor. At this time, the test motor is off.
• After a few seconds, the test motor energizes to develop a certain torque,
Tm. The torque increases to a certain value as commanded by the controller
and stays there for a few seconds to obtain enough data.
• The measured data during the operation is recorded by the DAQ board.
The test data are recorded for a certain time in an equidistant period of a
sampling rate.
• This test is repeated for different speeds of the load motor.
• The torque sensor measures the output torque, Ta, of the test motor. Figure
5.8 represents the control of the torque, Ta, generated in the test motor.
5.1.5 Hysteresis Brake Test
Using the hysteresis brake, torque ripple, Tr, and acceleration, ab, perfor-
mance maps are obtained. The hysteresis brake can be installed in the test bed
instead of using the load motor. The reason that the hysteresis brake is used for
these particular tests is to generate the torque, Ta, passively independent of the
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Figure 5.8: Labview program to control torque output in the test motor
speed, ωT , of the test motor. In this test, the test motor requires speed feedback,
ωT , from the test motor encoder in closed loop
4. The acceleration test needs to
have a feature to increase the speed, ωb, without changing the operating torque,
Ta. Also, there are no salient poles in a hysteresis brake, so the ripple and cogging
torques do not exist. Because the load motor, which has salient poles, is removed,
the torque ripple, Tr, is measured only in the test motor.
For the acceleration test, the Labview programs in Figures 5.2 and 5.3 are
modified as shown in Figures B.1 and B.2. In Figure B.1, the speed, ωT , of the test
motor increases from the base speed to the target speed and the acceleration data
is obtained by differentiating the speed with respect to the time between two data
points of the speed measurements as shown in Figure 5.9. To create the torque, Ta,
the brake is engaged and the voltage input provides the increments of torque. The
procedure to control the hysteresis brake and the load motor for the acceleration,
ab, test is as follows.
• At a stop position, the test motor and hysteresis brake are connected by
4When the load motor was used, the test motor controlled only torque signals measured in
torque sensor in an open loop. The load motor controlled speed signals in a closed loop.
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Figure 5.9: Representation of acceleration at 286 RPM of speed and 7.0 Nm of
torque
engaging the clutch.
• The test motor starts to run at a constant speed, ωb. The speed of the system
is mostly governed by the inertia and friction of the test motor and hysteresis
brake at the beginning. The speed is set by monitoring the torque response.
• After a few seconds, the hysteresis brake is applied to develop a certain
torque, Ta. The torque increases to a certain value as commanded by the
controller unless the motor runs at enough speed to overcome the inertia and
friction of the test system.
• In the control program for the test motor, the command signal, which is
the voltage signals provided in the motion program for the test motor, is
provided to create the increment of speed. By doing this, the average and
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maximum accelerations, ab, are obtained.
• The measured data during the operation is recorded by the DAQ board. The
test data is recorded in a time period of 3 msec.
• This test is repeated for different increments of speeds and torques of the
test motor.
Figure 5.10: Hysteresis brake test bed to obtain acceleration and torque ripple
performance maps
The biggest reason that the hysteresis brake is used in this test regime is
to develop the torque ripple, Tr, performance map. A permanent magnet synchro-
nous motor (PMSM), which is the test motor, generates parasitic torque pulsations
owing to variable magnetic reluctance, distortion of the stator flux linkage distrib-
ution, and deficiencies of feasible winding geometries. The torque ripple is partic-
ularly undesirable in some demanding motion control applications, and it leads to
speed oscillations which cause deterioration in the performance [40]. Continuous
constant torque, Ta, from the test motor is generated in order to identify the ripple
on the output torque curve. The torque ripple, Tr, will be measured in Equation
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(3.12). The amplitude of torque ripple, ,Tr is obtained as shown in Figure 5.11.
The RMS torque was 1.434 Nm and peak-to-peak torque was 0.355 Nm, which is
2Tr. Therefore, the ripple was 12.36% based on Equation (3.12).
Figure 5.11: Representation of torque ripple at 180 RPM of speed and 1.43 Nm of
RMS torque
The hysteresis brake is used to generate the constant torque, Ta, during
the test. The torque, Ta, developed in the reaction of the test motor against the
passive brake is controlled by the governing speed, ωb, and applied voltage, Vb.
The output signals measured in the torque sensor are filtered using an active filter
to eliminate measurement noise. This test procedure is almost the same as the
procedure for the acceleration performance map, except following the point where
the test motor and the brake are connected and generate a certain torque, Ta.
• The test motor control program commands constant movement. The imbal-
ance of the test bed system causes the sinusoidal response as shown in Figure
5.11.
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• The torque data during the operation is recorded by the NI DAQ board. By
investigating the 2D plots of the torque vs samples, the RMS and amplitude
of torque ripple values are obtained.
• This test is repeated for different increments of speed and torque for the test
motor.
If the speed, ωb, of the test motor is less than 100 RPM, the speed is not enough to
overcome the system inertia, so the speed should be increased to provide enough
mechanical power to overcome the overall inertia. The measured signals should be
as clean as possible to identify the torque ripple, Tr, from the sinusoidal torque,
Ta, response.
5.2 Stochastic Processes on Test Data
In order to create a statistical model of the experimental data and to develop
upper and lower error bounds for the sensor data, the Time Series Analysis is used.
Section 5.2.1 represents the process in order to develop the statistical modeling
of experimental data using regression analysis. In Section 5.2.2, the theory of
Time Series Analysis (TSA) is concisely described and the error bounds are drawn
by using the covariance matrix in Section 5.2.4. The stochastic model obtained
from the Auto-Regressive and Moving Average (ARMA) equation is developed in
Section 5.2.3.
5.2.1 Generation of Statistical Models
Statistical modeling assumes that information contained in experimental
data can be extracted, analyzed, and reduced to one or more equations that can
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be used to replicate historical patterns. The patterns of experimental data are very
clear to discriminate but sometimes they are disturbed by noise and uncertainties.
The most popular technique used to represent the statistical model is regression
analysis.
Regression attempts to model the relationship between two variables by
fitting an equation to the observed data. One variable is considered to be an
independent variable, and the other is considered to be a dependent variable. The
experimental data of torque response, Ta, in a sinusoidal input command is shown
in Figure 5.12. At this time, the torque profile was obtained at a speed of 100
RPM and the sinusoidal electrical torque input with the cyclic frequency of 0.5 Hz
and the magnitude of 2.5 Volt. The regression analysis is used to fit a statistical
model to the observed data.
Figure 5.12: Torque, Ta, data about a sinusoidal input for regression analysis
The most common method for fitting a regression line is the method of
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least-squares. This method calculates the best fitting line for the observed data by
minimizing the sum of the squares of the vertical deviations from each data point
to the line (if a point lies on the fitting line exactly, then its vertical deviation is 0).
Because the deviations are first squared, then summed, there are no cancelations
between positive and negative values. In matrix algebra notation, a regression
model is written as
Y = Xβ + ε (5.1)
where X is the n × k design matrix (rows are observations and columns are the
regressors), β is the k × 1 vector of unknown parameters, and ε is the n × 1
vector of unknown errors. The first column of X is usually a vector of 1s used in
estimating the intercept term [44]. Parameter estimates are formed using least-
squares criteria by solving the normal equations as shown in Equation (5.4). First





T e = (Y −Xβ)T (Y −Xβ) (5.2)






XT Xβ = XT Y (5.4)
for the parameter estimates β, yielding
β = (XT X)−1XT Y (5.5)
Assume for the present that (XT X) is full rank.
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A least-square criterion refers to a methodology which evaluates the re-
lationship between a set of values and alternative estimators of those values by
choosing that estimator for which the sum of the squared differences between the
actual values and the estimated values is lowest. The REG procedure in SAS fits
least-square estimates to regression model equations as shown above. Figure 5.13
presents a set of torque data estimated by regression and actual torque data. Also,
Figure 5.13: Measured and estimated torque curve
the proposed method does not fit exactly because the deviations of the actual and
estimated data are monitored as shown in Figure 5.13. Base on this, something is
either wrong with the data (errors in measurement), or the model is inadequate (er-
rors in specification). Therefore, another statistical modeling method is presented
in Section 5.2.2.
5.2.2 Time Series Analysis: Model Identification
A discrete time series consists of a set of random variables, which are ob-
served at equally spaced time periods and which are ordered and indexed by time.
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The experimental data appear as time series which is a sequence of observations
taken sequentially in time. The selected method used in this research is Box-
Jenkins ARMA models. The detailed information about this method is explained
in [12].
The first thing that should be discussed is the difference between stationary
and nonstationary system. The stationary process has the property that the mean,
variance and autocorrelation structure do not change over time. On the other hand,
most of the real applications are nonstationary systems which describe the system
status changes in time. Many time series also display seasonality. Each experi-
mental data should be checked to detect seasonality and properly described in the
model. Once a time series model is decomposed into a trend, seasonal and residual
component, the autoregressive (AR) and moving average (MA) model can be ob-
tained. There are three stages that perform the autoregressive integrated moving
average (ARIMA) process corresponding to that described in references of [12],
[13]. Box and Jenkins recommend differencing nonstationary series one or more
times to achieve a stationary series. Doing so produces an ARIMA model, with
the “I” standing for “Integrated”. All of these statistical processes are performed
in SAS which is a very popular statistical computational software package.
In the identification stage, the IDENTIFY5 statement in SAS is used to
specify the response series and identify candidate ARIMA models for them [85].
The IDENTIFY reads time series data that are used in later statements, possibly
difference them for nonstationary data, and compute autocorrelations, inverse au-
tocorrelations, and partial autocorrelations. Stationary tests can be performed to
determine if differencing is necessary. The analysis of the IDENTIFY statement
5One of SAS commands, SAS statements requests predefined routines called a PROC [85].
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suggests two or three ARIMA models that can be fit and one of them should be
selected as the system model based on three autocorrelation plots. The IDEN-
TIFY statement in SAS first prints descriptive statistics for “Deviation” torque
data represented in Figure 5.13. This part of the IDENTIFY statement is shown
in Figure 5.14.
Figure 5.14: IDENTIFY statement descriptive statistics output
The IDENTIFY statement next prints three plots of the correlations of the
series with its past values at different lags. The sample autocorrelation function
plot output of the IDENTIFY statement is shown in Figure 5.15. The autocor-
relation plot shows how values of the series are correlated with past values of the
series. For example, the value 0.98494 in the “Correlation” column for lag 1 row
of the plot means that the correlation between “Dhat”, which is the variable name
of “Deviation” torque data, and the Dhat value for the previous period is 0.98494.
The rows of asterisks show the correlation values graphically. Also, the confidence
interval is generated, which is approximately ± 2√
N
with N denoting the sample
size.
This plot is called an autocorrelation function because it shows the degree
of correlation with past values of the series as a function of the number of periods in
the past (that is, the lag) at which the correlation is computed. In this case, there
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Figure 5.15: IDENTIFY statement Autocorrelations plot
are only 24 lags by default but the lag can be shortened or expanded by the NLAG6
command. By examining this plot, we can judge whether the series is stationary
or nonstationary. A visual inspection of the autocorrelation function (ACF) plot
indicates that the Dhat series is nonstationary, since the ACF decays very slowly.
Therefore, the ACF plot helps to evaluate the “stationarity” of the test data and
provides how many differencings the system needs to achieve stationarity.
The inverse and partial autocorrelation plots are presented in Figure 5.16
and 5.17. These plots have the same form as the autocorrelation plots, but display
inverse and partial autocorrelation values instead of autocorrelations and auto-
covariances. The mathematical expressions of these correlations are referred to
[12].
The last part of the default IDENTIFY statement output is the check for
white noise. This is an approximate statistical test of the hypothesis that none of
6NLAG is the order of AR process in SAS.
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Figure 5.16: Inverse Autocorrelation Function (IACF) plot for Dhat
the autocorrelations of the series up to a given lag are significantly different from
0. The numbers of “Autocorrelations” should be close to 0 in order not to have
a significant relationship between a current lag value and a previous lag value.
The autocorrelations are checked in groups of six, and the number of lags checked
depends on the NLAG. The check for white noise output is shown in Figure 5.18.
The white noise stochastic process is simply a normal random variable with zero
mean and variance, σ2. In this case, the white noise hypotheses in each lags are
rejected, which is expected since the series is nonstationary.
Since the series is nonstationary, the next step is to transform it to a sta-
tionary series by differencing. That is, instead of modeling the Dhat series itself,
the change in Dhat from one period to the next is modeled. To difference the Dhat
series, use another IDENTIFY statement and specify that the first difference of
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Figure 5.17: Partial Autocorrelation Function (PACF) plot for Dhat
Figure 5.18: IDENTIFY statement check for white noise
Dhat be analyzed. The second IDENTIFY statement produces the same informa-
tion as the first but for the change in Dhat from one period to the next rather than
for the total Dhat in each period. The summary statistics output from this IDEN-
TIFY statement is shown in Figure 5.19. Notice that the period of differencing is
given as 1, and one observation is lost through the differencing operation.
The autocorrelation function (ACF) plot for the differenced series is shown
in Figure 5.20. The autocorrelations in the ACF plot of Figure 5.20 decrease
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Figure 5.19: IDENTIFY statement output for differenced series
rapidly compared with the ACF plot shown in Figure 5.15, indicating that the
change in Dhat becomes a stationary time series. For a discrete process of the
stationary time series data, the joint distribution of any set of observations, which
indicates the number of lags in Figure 5.20, is unaffected by shifting all the times
of observation by the differencing operation.
Figure 5.20: Autocorrelations plot for change in Dhat
The next step in the Box-Jenkins methodology [12] is to examine the pat-
terns in the autocorrelation plot to choose candidate ARIMA models to the se-
ries. The inverse and partial autocorrelation function plots are also useful aids
in identifying appropriate ARIMA models for the series. The inverse and partial
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autocorrelation function plots for differenced data are shown in Figure 5.21 and
5.22.
Figure 5.21: IACF plot for change in Dhat
In the usual Box and Jenkins approach to ARIMA modeling [13], the sample
ACF, IACF, and PACF are compared with the theoretical correlation functions
expected from different kinds of ARIMA models. This matching of theoretical
autocorrelation functions of different ARIMA models to the sample autocorrelation
functions computed from the response series is the heart of the identification stage
of Box-Jenkins modeling.
If the series is white noise (a pure random process), then there is no need
to difference the data any more. The check for white noise, shown in Figure 5.23,
indicates that the change in Dhat is not significantly autocorrelated because the
autocorrelation values are very small compared with the autocorrelation values
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Figure 5.22: PACF plot for change in Dhat
shown in Figure 5.18. Thus, one differencing operation is enough to turn the
nonstationary estimated values into stationary series.
Figure 5.23: White noise check for change in Dhat
Seasonality (or periodicity) is also detected in IACF and PACF plots in
Figure 5.21 and 5.22. By seasonality the time series display periodic fluctuations.
The ICAF and PACF plots show spikes at lags equal to the period of five (lag
5, 10, 15, 20). In Section 5.2.3, the seasonal effect is considered to develop the
ARIMA equation.
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5.2.3 Time Series Analysis: Estimation and Diagnostic Checking
In the estimation and diagnostic checking stage, the ESTIMATE state-
ment specifies the ARIMA model to fit to the variable specified in the previous
IDENTIFY statement, and to estimate the parameters of that model [85]. The
ESTIMATE statement also produces diagnostic statistics to judge the adequacy
of the model. Significance tests for parameter estimates using t-statistics indicate
whether some terms in the model are necessary [44].
Once stationary and seasonality have been addressed in Section 5.2.2, the
next step is to identify the order of the Auto-Regressive(AR) and Moving Aver-
age(MA) terms. The primary tools for doing this are the autocorrelation, inverse
autocorrelation and partial autocorrelation plots. The general rules to determine
the order of AR and MA are explained as follows.
Figure 5.24: ESTIMATE statement ACF plot at p=1, q=(1)(5)
Specifically, for the AR(1) process, the sample autocorrelation function
should have an exponentially decreasing appearance. However, higher order AR
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processes are often a mixture of exponentially decreasing and damped sinusoidal
components. For higher order autoregressive processes, the sample autocorrela-
tion needs to be supplemented with inverse autocorrelation and partial correlation
plots. The partial autocorrelation of an AR(p) process becomes zero at lag p+1
and greater, so the sample partial autocorrelation function is examined to see if
there is evidence of a departure from zero. The inverse autocorrelation plot is
applied in the exactly same way [12].
Figure 5.25: ESTIMATE statement IACF plot at p=1, q=(1)(5)
The autocorrelation function of a MA(q) process becomes zero at lag q+1
and greater, so the sample autocorrelation function is examined to see where it
essentially becomes zero. The sample autocorrelation function on the sample au-
tocorrelation plot is placed in the 95% confidence intervals. The partial autocor-
relation function is generally not helpful for identifying the order of the moving
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Shape Indicated Model
Exponential, decaying to zero AR model. Use the PACF plot to
identify the order of the AR model.
Alternating positive and negative,
decaying to zero
AR model. Use the PACF plot to
help identify the order.
One or more spikes, rest are essen-
tially zero
MA model. The order is identified
by where plot becomes zero.
Decay, starting after a few lags Mixed AR and MA model.
All zero or close to zero Data is essentially random.
High values at fixed intervals Include seasonal AR term.
Table 5.2: Shape of autocorrelation function
average process. Table 5.2 summarizes how the autocorrelation function for model
identification is used.
Practically, the ACF, IACF, and PACF are random variables and will not
give the same pictures as the theoretical functions as shown in Table 5.2. Es-
pecially, the mixed models are more difficult to identify. Based on the theories
learned above, the mixed ARIMA model of Dhat in Figure 5.13 is estimated and
the process to determine the model involves much trial and error.
In Figure 5.20, the shape of autocorrelation plot includes alternating pos-
itive and negative ACF, which means the AR(1) component is involved, and one
or more spikes, and the rest of them are zero, which indicate the MA(1) compo-
nent in the model. The spikes at fixed five intervals indicate the seasonal effect is
involved in the MA term in IACF and PACF plots as mentioned in Section 5.2.2.
By performing computational trials with different combinations of AR and MA
orders, the order of AR is 1 and the order of MA is 1. Also, the seasonal value
in the MA part is determined as 5. Then, ACF in most of the lags stays within
95% confidence intervals as shown in Figure 5.24. Also, IACF and PACF plots are
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Figure 5.26: ESTIMATE statement PACF plot at p=1, q=(1)(5)
given in Figures 5.25 and 5.26, and show that the spikes are removed for the best
estimation of ARIMA model.
Figure 5.27: ESTIMATE ARIMA model for Dhat at p=1, q=(1)(5)
The list of factors in Figure 5.27 combines the differencing specification
given in the IDENTIFY statement with the parameter estimates of the model for
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the change in Dhat. The estimated model shown in this output is written as
(1−B)Yt = −0.00598 + (1− 0.6863B)(1− 0.83175B
5)
(1− 0.97782B) at (5.6)
where B stands for the back shift operator7. Yt is the response series and at is
the independent disturbances. Based on Appendix A, ARIMA(1, 1, 1) × (0, 0, 1)5
is expressed in Equation (5.6).
5.2.4 Development of Upper and Lower Error Bounds
Figure 5.28: Dhat plot with 95% confidence interval
The standard error of the mean is used to indicate a confidence interval
about the mean, which is useful when motor test data represent a sample of real
7B is also mentioned as magnetic flux density in Section 2.1.1.
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values from some candidates. Figure 5.28 shows 95% confidence interval about a
torque test result.
When data are independently sampled from a normal distribution, the con-
fidence interval for the mean relies on a probability distribution called t distribution
[44]. For large degrees of freedom, the t distribution and the normal distribution
are equal. The 100(1− α)% confidence interval for mean µ is defined as follows
Ll = x− (s)(t1−α
2
,n−1) (5.7)





,n−1 is the value for which the area under the tn−1 distribution. s is the
standard error of x. Based on Equation (5.7), the confidence interval curves are
driven as shown in Figure 5.28.
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Chapter 6
Development of Performance Maps and
Performance Envelopes
There are no generalized data on the motor performance maps in the litera-
ture. The only data available are the separate results for different motors obtained
from the nonlinear test bed for actuator (NTBA) run under constant loading con-
ditions. Accordingly, one of the goals of this effort is to present the data in a
form of generalized motor performance maps which could cover the whole family
of motors with different power ratings under dynamic load operation.
In Chapter 5, the test regime for electromechanical machines was discussed,
and the statistical method to analyze the test data was described. The ARIMA
equation shown in Equation (5.6) was used to identify the control parameter values
as a function of time, which are displayed as points which construct the perfor-
mance map in 3D space. Each of the performance map plots based on the test
regime is described in Chapter 6. All of the maps are derived based on the results
of the test motor only and not the load motor. Therefore, the torque, current,
speed, magnetic flux density, temperature, position, velocity, and acceleration val-
ues belong to the test motor only. After ten performance maps are created, the
maps are compared with the plots obtained from trade literatures and papers. The
comparisons show how this test data supports the trade literatures and papers, and
find how this data expand the meaning of them. Additionally, the changes of trade
literature to support future development of intelligent actuators can be suggested.
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6.1 Development of Performance Map Plots
6.1.1 Operational Margin Map
For the operational margin test sinusoidal loads will be supplied, and the
torque response monitored. This test demonstrates how the mechanical torque is
generated by the motion between the test motor and the load motor. Figure 6.1
shows the response of the three phase currents and torque in the cyclic frequency
of 1.3 Hz and a base rotational speed of 100 RPM. Based on the different values
of speed and cyclic frequency, the mechanical torques are monitored and plotted
as represented in Figures 6.2 and 6.3.
Figure 6.1: Torque and current responses in the sinusoidal loading
The root mean square value of torque is increased as the current is increased,
as shown in Figure 6.2. The relationship between the torque and the current in
the test motor is designated as a torque-current performance map as shown in
Section 6.1.5. The changes in cyclic frequency does not have an appreciable affect
on the torque in each layer of the tests up to 5 Hz. However, higher torque values
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are generated with higher current input values. There is a modest variation of
the torque with respect to speed and frequency. To obtain the root mean square
value of the generated torque for a certain period, more than 40,000 samples were
gathered with a sampling rate of less than 1 msec.
Figure 6.2: Torque response based on changes of speed and sinusoidal loading
frequency at constant current commands
In Figure 6.3, the supply voltage to operate the test motor is shown as a
function of frequency and speed. The voltage is measured from the voltage divider
circuit which is used to drop the high voltage down to a ±10 V signal voltage. The
voltage is decreased as the frequency of sinusoidal input torque increases, especially
at higher input currents. Referring to [83], the relationship between voltage and
speed in a motor is linear and the ratio of them is called “back EMF constant”.
However, the speed in the test motor is nonlinearly changing by applying the
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voltage, VT . Specifically, at higher current (such as 6 Amps), the surface in Figure
6.3 is not smooth and it can be seen that the frequency affects the voltage applied
to the motor.
Figure 6.3: Voltage response based on changes of speed and sinusoidal loading
frequency at constant current commands
The operational margin performance maps shown in Figures 6.2 and 6.3
do not cover the whole range of the test motor. Four desired torque reference
signals (reference currents) are applied for each test. More torque reference inputs
should be used in future tests. Also, different types of torque loading such as
trapezoidal motion should be applied with different cyclic frequencies. The test
bed is modular, so additional components, such as a gear train, higher capacity
couplings and torque sensors, can be added.
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6.1.2 Efficiency Map
Operating efficiency is the most commonly used performance metric to eval-
uate motors, and different motor loads help to identify energy efficiency gains and
possible reliability improvements. To calculate exact and realistic values of effi-
ciency, Equation (3.1) is used in this testing.
Figure 6.4: Efficiency plot with respect to current and speed
The shaft output power is the input power minus any losses. How to assess
losses is another test regime that is discussed in Section 6.1.3. The shaft output
can be measured at the torque sensor which is located between the load motor and
the test motor in the test bed. Also, the electrical input power is obtained from
required current and voltage values generated in the test motor. The test set up to
obtain the performance maps for motor efficiency is elementary. The mechanical
torque output, Ta, signal is measured from the torque sensor and the speed, ωT ,
of the test motor is monitored at the same time. Additionally, the current, iT ,
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and voltage, VT , in the three phases are measured and recorded in real time. The
measured current and voltage data are applied in Equation (3.2) for a power input
and the torque and speed data are plugged in Equation (3.4) for a power output.
Figure 6.5: Efficiency plot with respect to torque and speed
The efficiency of the test motor is 80% at 200 RPM of the rated speed, 4
Nm of the rated torque, and 2.5 Amps of the current as shown in Figures 6.4 and
6.5. At less than 150 and higher than 300 RPM, the efficiency drops dramatically.
Also, at higher than 7 Nm, the efficiency is less than 50%. The motor losses,
including core losses, copper losses, and mechanical losses, cause the reduction of
the efficiencies in these areas. These losses are expressed in nonlinear equations
using control parameters (such as voltage, current, speed) and the nonlinear terms
in each equation will be identified in the future research. Also, note that the test
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motor in this research needs to have a better cooling mechanism implemented1.
Figure 6.6: Power input and output plots in a different viewpoint
6.1.3 Motor Loss Map
The difference between power input and power output is due to electrical
losses, friction and windage. Even though higher power motors are typically more
efficient, their losses are significant and should not be ignored, as shown in Figure
6.6. The equations needed to calculate power output and power input from the
test data use instantaneous values of torque, speed, voltage and current signals to
create the representative performance surfaces of power input and power output.
In order to explain the reduction of the power input at the region of the high speed
and high current in Figure 6.6, further research should be going on. The differences
between the power input and power output plots are identified by describing the
motor losses in this section.
1In the future research, the following question should be answered: how will it affect this
efficiency plot if it is cooled?
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Figure 6.7: Copper loss map with respect to current and speed
Power losses are converted into heat which is dissipated by the motor frame
through radiation, conduction, and convection. Stator copper losses are caused by
current flowing through the motor winding and are proportional to the product of
the current squared and the winding resistance as represented in Equation (3.6).
Core losses are mainly confined to the laminated core of the stator and rotor.
Friction and windage loss is due to all sources of friction and fluid movement in
the motor. In this testing, copper loss and core loss maps are obtained as shown
in Figures 6.7, 6.8, 6.9, and 6.10.
Figures 6.7 and 6.8 represent the copper loss with different control variables.
Copper loss is very small at low current and torque, but by increasing the current
to the motor, copper loss increases significantly. The second order copper loss
equation shown in Figure 6.7 creates the parabolic shape of copper loss performance
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Figure 6.8: Copper loss map with respect to torque and speed
map as a function of current, iT . This equation is not always applicable in the
speed and current axes as shown in the figure. In a certain region of high current,
some other factors affect in the development of copper loss map, so the copper
loss is generated much less than in the other areas. Copper loss is also affected
by speed. Specifically, copper loss at low speed (i.e., less than 200 RPM), with 10
Amps current, is quite high. In Figure 6.8, the plot is not completed above 200
RPM and 10 Nm because the torque, Tm, could not be generated as commanded
in the nonlinear test bed for actuator (NTBA). Torque control is done by feeding
back the current signals, iT1, iT2, iT3 and not by direct control of the torque, Ta,
signal.
In general, the core loss values are much smaller than the copper loss values.
However, core loss is also an important criteria to consider because it is one of the
parasitic disadvantages developed during the operation of the motor and increases
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Figure 6.9: Core loss map with respect to current and speed
rapidly at higher magnetic switching speeds. Figures 6.9 and 6.10 show the core
loss with different reference control parameters. The shapes of the core loss per-
formance maps are parabolic due to the square terms of voltage and current as
shown in Figure 6.9. These two terms are multiplied together to create the core
loss surface as mentioned in Section 5.1.2. Notice the core loss is low at the rated
values of torque, Ta, and speed, ωw, but it increases under low torque-high speed
and high torque-low speed conditions. Speed, ωm, has the greatest affect on core
loss while torque, Tm, which is directly dependent on the control current, has the
greatest affect on copper loss2 during the operation of the motor.
2It is closely correlated with current while generates the level of torque produced.
146
Figure 6.10: Core loss map with respect to torque and speed
6.1.4 Rise Time Map
The rise time is one of the traditional transient performance criteria used to
evaluate the response time due to a magnitude change in the required load torque,
Tm. Rise time is measured for a variety of torques and speeds to establish one
of the performance criteria. Figure 6.11 shows that the rise time is very much
dependant on the speed. When the test motor was running at 400 RPM, the rise
time was less than 1 msec. As can be seen, the rise time decreases by increasing
the torque at low speed, but it increases by decreasing the torque at high speed.
The turning point is close to the rated speed, which is 200RPM. Also, as shown
in Figure 6.11, the base torque is 1 Nm and the base torque might affect the rise
time in the step input torque. Therefore, the useful reference parameter3, 4Tm
Tm
, is
3The step torque, 4Tm, is the applied torque to develop the rise time performance map, and
additionally the base torque, Tm, in the denominator can be another control parameter.
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Figure 6.11: Rise time performance map
used as one of the control parameters. More rise time performance maps will be
created by using 4Tm in the future.
6.1.5 Torque-Current Map
In this map, the relationship between torque and current is tested by chang-
ing the speed of the motor. As mentioned in Section 3.6, torque and current re-
sponses do not have a linear relationship, which is verified in Figure 6.12. Specifi-
cally, torque for this test motor is not generated as a first order differential response
to current commands above 500 RPM.
In Section 2.3.1, the torque and back EMF constants were fixed values dur-
ing commutation due to the assumption of the linear relationship between torque
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Figure 6.12: Torque-current performance map
and current. However, the torque-current performance map proves that the motor
equation developed in Equation (2.23) cannot be applied in a real system because
of the uncertainties of the torque and back EMF constants. At more than 200
RPM and 6 Amps in Figure 6.12, the torque-current has an even more severe
nonlinear curve.
6.1.6 Torque Ripple Map
As mentioned in Equation 3.12, the torque ripple is the percentage ripple of
the torque response in the test motor divided by the average torque, Tm, applied.
The torque ripple performance map is obtained using the hysteresis brake to create
a steady loading as shown in Figure 5.10. The ripple was almost 45% at the test
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Figure 6.13: Torque ripple performance map
motor speed of 300 RPM and a low torque of 0.42 Nm. The smallest ripple was
3%, obtained at 200 RPM and 5 Nm. The ripple was small at the rated speed
but increased to 30% at low torque output. In overall torque ripple responses, the
ripple was less than 5% at higher torque output, Ta, from the test motor. It slightly
increased as the speed, ωw, of the motor increased. More than 25% of torque ripple
was shown at less than 1 Nm of the torque output from the test motor. This plot




The acceleration performance map is presented in two different output plots
depending on the method used to show the acceleration of the inertia of the test
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motor, three bellows couplings, clutch, and the hysteresis brake. The test motor
inertia is 15% of the total inertia including all of the mechanical components in the
test bed. In Figures 6.14 and 6.15, notice that the total inertia of the test system
is considered when calculating the acceleration at each speed, ωT , and torque, Tm,
of the test motor.
Figure 6.14: Maximum acceleration performance map
The way to get the acceleration performance maps is explained in Section
5.1.5 in detail. Maximum acceleration is obtained by selecting the largest value in
the transient region when increasing the speed, ωw, from a low value to a higher
value. The average acceleration is determined by averaging the acceleration values
in the transient region between two different magnitudes of speed. These two plots
have a very similar shape and trend. In Figure 6.14, the maximum acceleration is
almost 2.3 rps/s at 1 Nm of torque, Ta, output (between the test motor and the
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hysteresis brake) and 340 RPM of the speed increment. By looking at the trend
of the maximum acceleration plot, as torque of the test motor is increased, the
maximum acceleration is increased. When a initial speed increases to the target
speed, the acceleration has the highest value at first time and then it decrease
by approaching to the target speed as shown in Figure 5.9. On the other hand,
in acceleration performance maps (Figures 6.14 and 6.15), the acceleration keeps
increasing with respect to speed because only maximum and average accelerations
are chosen as a function of different torque and speed values. The average accel-
eration has almost the same tendency as the maximum acceleration as shown in
Figures 6.14 and 6.15. The average acceleration plot is mostly affected by high
speeds. At 400 RPM, the average acceleration is 1 rps/s, and the same acceleration
is developed over all torque values.
Figure 6.15: Average acceleration performance map
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6.1.8 Max Magnetic Flux Energy Map
Magnetic flux energy is expressed as the area surrounded by the B -H hys-
teresis curve in the production of magnetic energy during the operation of the test
motor. The maximum value for the magnetic flux energy, (BH)max, is derived
from the largest area that covers the whole range of one of the currents passing
through the three phases for one cycle of the test motor. This flux energy is shown
in the experimental data plot of Figure 3.9. As shown in Figure 6.16, the torque
output from the test motor has the greatest affect on the magnetic flux energy.
Figure 6.16: Maximum magnetic flux energy performance map
The magnetic flux energy, which is the function of current and magnetic
flux density, ranges from 30000 to 220000 Joules (J) during the tests of different
torques in the test motor. The magnetic flux energy directly produces torque, Tm,
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based on the following relationship [92]:
T ∝ BJ (6.1)
where B stands for the RMS value of magnetic flux density (Wb/m2), and J is de-
fined as the RMS value of current density (A/m). H in (BH)max is the magnetizing
force and has the same unit as the current density. Therefore, the torque developed
during the test should be proportional to the magnetic flux energy, (BH)max as
represented in Figure 6.16. Also, the energy is slightly increased by the increments
of the test motor speed.
6.1.9 Magnetic Flux Density Map
Figure 6.17: Magnetic flux density performance map
Another performance map using magnetic flux density signals is the mag-
netic flux density map as represented in Figures 6.17 and 6.18. There are two
performance maps for this criteria because the maps can be drawn with respect to
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several control parameters such as speed, torque, and temperature. As shown in
Figure 6.17, the magnetic flux density is slightly reduced at higher rated torques
and speeds at the elapsed time of 11 minutes. The magnitude of the reduced value
is very small (about 6-7 %) but this plot explains that magnetic flux density B
is affected by torque and speed. Further research will be performed to find the
relationship among the magnetic flux density, torque and speed in the future. In
Figure 6.18, the magnetic flux density, as a function of temperature and speed,
measured at 11 minutes is lower than 0.6 Tesla (T) measured at the start. Specifi-
cally, at 80◦C, the magnetic flux density is reduced to 6%. The temperature effects
on the test motor is explained in detail in Section 6.1.10.
Figure 6.18: Magnetic flux density affected by temperature
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6.1.10 Temperature Map
In the temperature performance map, the temperatures were measured af-
ter an elapsed time of 11 minutes for different sets of torques and speeds. The
performance map shows how quickly the temperature increases as the torque and
speed increase. Figure 6.19 shows that the temperature reaches 80◦C if 9 Nm of
torque is applied to the test motor for 11 minutes. It is shown that the temperature
almost linearly increases by increasing the torque4.
Figure 6.19: Temperature performance map
Also, the temperature plot is affected by the speed. Especially, at torque
higher than 6 Nm, the temperature inside the test motor reaches 50◦C for any
speed. From this map, it can be deduced that the test motor has a very bad
4More torque means more current which means more losses.
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ventilation system. Installation of a fan or fins to remove the heat during operation
is needed.
6.1.11 Error Bounds for a 3D Surface
Figure 6.20: Determination of error bounds for the experimental data of magnetic
flux energy
The experimental data obtained in previous sections is treated with a sta-
tistical method in order to consider the uncertainties of estimating real physical
system parameters. Based on the test protocol in Chapter 5, each test should be
repeated to create the error bounds. The performance maps can be completed only
when they have the upper and lower error bounds which shows the percentage of
uncertainty. However, to develop the error bounds, the test should be performed
more than 20 times for enough data to apply a statistical analysis. In this report,
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only one performance map, which is the maximum magnetic flux energy perfor-
mance map, is presented to demonstrate the usefulness of the error bounds for the
experimental data.
Figure 6.21: Magnitude of measurement error of (BH)max
Figure 6.20 shows how the error bounds are represented in the performance
map. The tests for building the magnetic flux energy map were repeated 299
times in different torque, Ta, and speed, ωw, settings of the test motor and the
load motor. Once the average value of magnetic flux energy in a particular torque
and speed is calculated, the error bounds, which is sometimes called as standard





where x is the sample data measured in the test bed, x is the average value of the
sample data, and n is the sample size. The standard deviation is calculated using
the unbiased equation, which includes “n-1” in the equation.
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Using Equation 6.2, the upper and lower error bound surfaces are drawn
as shown in Figure 6.20. (BH)max is represented with two other layers where
the upper layer is obtained by adding the standard deviation values to the average
values and the lower layer is obtained by subtracting the standard deviation values
from the average value of (BH)max. The plot “A-A” represented in Figure 6.20
shows how error bounds change with respect to the speed, ωw at 5 Nm of fixed
torque, Ta. Based on the plot “A-A”, error bounds are increased at higher speeds.
These error bounds are clearly shown in the overall range of torque and speed
values in Figure 6.21. The standard deviation is substantially increased as the
torque, Ta, and speed, ωw, are increased because the values of Ta and ωw in this
area include more measurement error and noise.
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6.2 Generation of Performance Envelopes
Once all the performance maps based on the suggested operational criteria
are obtained for several different kinds of phenomena, performance envelopes have
to be built based on the maps. Even though the torque-speed curve with respect to
temperature and efficiency at a given speed and torque are specified in the trade
literature (or arrived at through simulation), actual values depend on the type
of load torque, Ta, and environmental variables. Therefore, if the performance
envelope including all of these cases is completed, it will become the functional
decision map to guide the operation of the motor.
Figure 6.22: Four performance maps with respect to torque and speed
Figure 6.24 represents how each performance envelope is obtained from sev-
eral performance maps. In this research, the actuator test bed has been developed
in order to obtain enough information to evaluate the performance of a permanent
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magnet synchronous motor. The data obtained from the sensors in the test bed are
plotted with respect to time. The data sets obtained from the repetition of testing
the test motor are ready to insert in the statistical analysis. The mean value with
high confident intervals (95%) are calculated and then several different plots of
mean values in different loading conditions are derived in Section 6.1.11. Along
with the curves, upper and lower boundaries are determined from the statistical
calculation. Once all of the data sets are collected from the sensors, they are com-
bined together based on each actuator criterion. Then performance maps can be
completed based on appropriate independent parameters. From the performance
maps built in the suggested test methods in Section 5.1, we find out which of the
independent parameters will be used as the controllable axis in the performance
envelope graphs. These graphs need to demonstrate the actual performance in the
test motor.
Figure 6.23: 2D plots of performance maps shown in Figure 6.22
As an example of how the performance envelope is generated, four perfor-
mance maps were combined together and the performance envelope was generated
with respect to torque and speed as shown in Figures 6.22 and 6.24. Each per-
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formance map is expressed as the ratio of the estimated value over the maximum
value in each torque, Ta, and speed, ωw, in the test region. In order to present four
maps in the same vertical axis, each of the performance maps is normalized with


















Eact: current efficiency of the test motor
tact: current torque rise time of the test motor
Mact: current magnetic flux energy in the test motor
Tact: current temperature of the test motor
Emax: maximum efficiency in the test range
tmax: maximum rise time in the test range
Mmax: maximum magnetic flux energy during the test
Tmax: maximum temperature rise in the test range
As shown in Figure 6.22, four different normalized performance maps are created
using Equations (6.3), (6.4), (6.5) and (6.6).
Figure 6.23 shows the 2D plots of performance maps originated from Figure
6.22. Figure 6.23(a) is the cutaway view in A-A direction and four different curves
5Note that the weighting factors will be multiplied to each of normalized terms based on their
relative importance to the user in the future research.
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are shown with respect to the torque output, Ta. Also, the cutaway view in B-B
direction is represented as a function of speed as shown in Figure 6.23(b). These
two cutaway views just represent one possible performance mapping with respect
to one control variable. If the maximum performance envelope is selected to eval-
uate the test motor, the maximum surfaces out of four different performance map
surfaces in each region of torque and speed are chosen as represented in Figure 6.24.
As shown in the maximum performance envelope, the temperature performance
map governs the management of torque and speed in the region of more than 6-10
Nm of the torque output, Ta. After the test motor operates at the speed of 350
RPM and the applied torque of 10 Nm, the temperature map is dominant in the
region and it indicates that the temperature increases up to 80◦C in 11 minutes.
80◦C is determined by Figure 6.19 and Equation (6.6). Also, in the region of less
than 100 RPM and less than 5 Nm, the rise time is the main control map to be
referred to by the controller in the operation of the test motor. The user of the
test motor should notice that the rise time is about 8 millisecond at 2 Nm and 50
RPM from Figure 6.11 and Equation (6.4). Efficiency is very low in the region of
less than 5 Nm and it is critically noted to the test motor user based on Figure
6.24.
All of these four surfaces, which come from four actuator criteria, are plot-
ted along two reference parameters (torque and speed). In summary, actuator
performance maps must be obtained by experiment based on several independent
control parameters. These basic reference parameters for PMSM drives are desired
torque and rotor speed. There exist more possible control parameters such as volt-
age and current. The voltage, VT , is needed to develop current, iT , in the test
motor amplifier, so one of them is used as the independent parameter and it will
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Figure 6.24: Development of performance envelope
be shown in more performance maps in the future. Also, the measured dependent
parameters are output torque, temperature, magnetic flux density, acceleration,
and response time. The reference parameters are one of the x -y axes. Also, the
combination of dependent parameters is plotted in the third axis as shown in Fig-
ure 6.22. In order to manage the control parameters when considering all of the
possible scenarios, the performance envelope should be developed on the basis of
the construction of a decision making algorithm, which will be developed by a
future study.
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6.3 Comparison of Test Results with the Trade Literature
In this section the actuator performance maps obtained from ten experi-
ments are compared with the traditional plots which represent the electromechan-
ical performance criteria such as the torque-speed curve and efficiency. Motor
manufacturers provide electromechanical motors with the specifications and appli-
cations of the specific motor. These specifications are then used to pick the right
size and capacity motor for a given application. However, the user often requires
the motor to operate in abnormal conditions, which may not result in the best
or expected output from the motor. In this report, a way to solve this problem
is suggested and more than ten test result plots prove that these precious perfor-
mance maps can correctly guide and evaluate the operation of the motor for better
responses. The traditional plots utilized in this section originate from the trade
literature and papers written by motor researchers and scientists.
6.3.1 Comparison of Operational Margins: Torque-Speed Curves
In general, electromechanical motor manufacturers provide torque-speed
curves to indicate the performance of the selected actuator. The torque-speed
curve is sometimes enough of a reference to verify the capacity of the motor at
peak and continuous loadings. However, the torque-speed plot is not a perfect
guide when considering all of the unusual conditions a motor may be subjected to.
Figure 6.25 shows the performance curves for the Parker Hannifin and Bo-
dine brushless DC motors. The lines represent maximum values which indicate
the limitations of the motor capacity. These lines were determined by repeatedly
testing the motor until peak torque and speed values, for static loadings, were
found. However, the torque-speed performance line does not give insight into how
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Figure 6.25: Torque-speed curve of commercialized brushless DC motor [34], [9]
the line will change for periodic sinusoidal loadings. As shown in Section 6.1.1,
there is an additional control parameter, load cyclic frequency. The 3D plot in
Figure 6.2 is incomplete because the performance surface does not cover the whole
range of the test motor. However, it is enough to show the cyclic frequency also
affects the torque and speed responses, especially at higher currents (load).
In addition, the suggested performance envelope, which includes four differ-
ent performance maps shown in Figure 6.24, can be presented as 2D contour plot.
As represented in Figure 6.26, the control parameters are torque and speed, and
each contour line represents the same normalized performance value. The way to
apply the performance envelope and performance maps is as follows.
• For example, 250 RPM and 8 Nm are selected to evaluate whether they are
a good combination to generate enough power from the motor.
• The point at 250 RPM and 8 Nm belongs to the magnetic flux energy per-
formance map. Also, the normalized value is 0.8, which means 80% of the
166
Figure 6.26: Torque speed contour of the performance envelope
maximum magnetic flux energy is generated. It might cause a reduction in
torque production after operating for a long time.
• At the same torque and speed, other performance maps can be considered,
too. Specifically, temperature inside the test motor is almost 90% of the max-
imum value (80◦C), which provides a precaution when the motor is operated
in this region.
If there are more performance maps created from the motor testing, a mo-
tor user can have more precise guidance and operate the motor with the best
performance (i.e., the goal of intelligence).
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6.3.2 Comparison of Efficiencies
Efficiency is a commonly used indicator of energy usage and operating costs
in the motor industry, so it is another useful reference used to choose the proper
motor for a specific application. Most motor efficiency plots are presented with
respect to speed or applied torque as shown in Figures 6.27(a) and 6.28. Figure
6.27 compares two kinds of efficiency maps. One is from Reliance Electric’s web
site, represented in Figure 6.27(a), and the other is created experimentally using
the NTBA, represented in Figure 6.27(b).
Figure 6.27: Comparison of efficiency plots [81]
The XE series of Reliance Electric’s AC motor is energy efficient, and the
largest efficiency (94%) exists at three quarter load. The overall efficiency of the
Reliance Electric’s motor is more than 20% higher than the efficiency of our test
motor. The test motor has a critically low efficiency at more than 10 Nm. The test
motor does not have fans or fins on its outer case. The heat generated during the
operation of the motor is hardly dissipated through the surface, so motor losses
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are greater than the commercialized electric motor installed with fans and fins.
Figure 6.28: Efficiency curve of Parker Hannifin’s brushless DC servo motor -
SM232B [34]
An efficiency curve as a function of speed is displayed in Figure 6.28. The
motor, built by Parker Hannifin, is an SM232B brushless DC servo and the spec-
ifications of the motor have 2.34 Nm of peak torque, 16 Amps of peak current,
and 7500 RPM maximum speed. On the other hand, the specifications of the test
motor has 28.2 Nm of peak torque, 17.2 Amps of peak current, and 650 RPM of
no load speed as shown in Table 4.1. The efficiency of the test motor is 70% at
the rated speed, which is the highest value in the overall range of speed as shown
in Figure 6.27(b). However, the maximum efficiency of the Parker Hannifin motor
exists at the rated speed, which is 7500 RPM.
Each of the performance 2D plots shown above represents its maximum
feasible efficiency value only regarding one axis, torque or speed, so the efficiency
at a given speed and torque is not easy to obtain. Relatively, the test result
plot of the efficiency performance map in Figure 6.27(b) is very easy to interpret
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for a certain combination of torque and speed and evaluate the performance for
each combination. The efficiency maps can also be created in different control
parameters, such as current or voltage as shown in Figure 6.4.
6.3.3 Comparison of Core Losses
The trade literature in Sections 6.3.1 and 6.3.2 involves only torque-speed
curves and efficiency plots to describe the performance of electric motors. The
comparisons between the 2D performance plots and the 3D performance maps
presented in the rest of Section 6.3 refer to the research papers previously published
in the field of electric motors for the last 10 years.
Figure 6.29: Comparison of core loss plots [21]
As mentioned in Section 3.4, the core loss plot along with the copper loss
plot determine efficiency of an electromechanical motor. Fang Deng [21] tested a
brushless DC motor and developed a core loss plot with respect to motor speeds as
shown in Figure 6.29(a). Based on this core loss plot, it can not be seen explicitly
whether the loss depends on the applied torque to the motor. Therefore, using
the nonlinear test bed for actuators (NTBA), two separate control parameters
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were manipulated and 3D plots of the core loss performance map were created, as
shown in Figure 6.29(b). Additionally, Figure 6.10 involves torque and speed as
additional control parameters.
6.3.4 Comparison of Torque Ripple Plots
Figure 6.30: Torque ripple plots of two commercialized brushless DC motors [87]
[62]
There are many papers describing the parasitic torque ripple occurrences
in an electromechanical motor and most of them include a torque ripple test of
a specific motor. As mentioned in Section 3.7, the magnitude and frequency of
ripples very much depend on the structure of the stator and rotor design in an
electric motor. Figure 6.30(b) shows how ripples change depending on the ratio
of slot opening and slot pitch of a stator. In this report, the structure of the test
motor has already been chosen as mentioned in Section 4.3.1, so it is seen if the
torque ripple can be changed depending on the operational control parameters.
The torque ripple 2D plot in Figure 6.30(a) is compared with the torque ripple
performance map in Figure 6.13. The definition of the torque ripple in Figure
6.30(a) is the peak-to-peak torque ripple over the average torque value, which is
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different than the definition used to create the torque ripple map shown in Figure
6.13. In this research, the torque ripple is calculated as the ratio of the amplitude
of ripples and the average torque. Torque ripple increases as the speed of the
motor increases as shown in both Figure 6.30(a) and Figure 6.13. In Figure 6.13,
the additional control parameter is used to display the torque ripple with respect
to two independent parameters.
6.3.5 Comparison of Acceleration Plots
Figure 6.31: Comparison of acceleration plots [90]
In this section, the maximum acceleration is represented in two different
axes. The BLDC motor compared with the test motor in this research is Slemon’s
permanent magnet synchronous motor as presented in [90]. Figure 6.31(a) shows
limiting values of achievable angular acceleration for the maximum torque capa-
bility up to 100 Nm. Two acceleration curves depend on the number of poles as
shown in Figure 6.31(a). The acceleration capability decreases as the torque rating
is increased. However, the acceleration depends on an additional control parame-
ter which is speed as shown in Figure 6.31(b). By increasing speed, the available
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acceleration is increased. The acceleration performance map is also created in Fig-
ure 6.14 to describe the maximum acceleration at the same control parameters as
in Figure 6.31(b).
6.3.6 Comparison of Magnetic Flux Density Plots
Figure 6.32: Comparison of magnetic flux density plots [86]
The magnetic flux density is measured by the flux density sensor installed
inside the stator of the test motor. Using this sensor, a B -H hysteresis curve
is created and it is useful to evaluate if the magnetic energy is efficiently being
transferred to the mechanical energy of the electromechanical motor. The magnetic
flux energy is affected by increased temperature as mentioned in [86]. Figure
6.32(a) shows that the flux density is reduced to 20% at 150◦C. Referring to this
result, the magnetic flux density performance map is created as represented in
Figure 6.32(b). Based on the figure, the magnetic flux density also depends on the
motor speed. In Figure 6.17, torque is an additional control parameter to display
the magnetic flux density performance map.
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6.3.7 Comparison of Temperature Plots
Figure 6.33: Comparison of temperature plots [14]
The temperature performance map is one of the core performance maps used
to evaluate the operation of an electromechanical motor and check the temperature
inside the motor. The temperature map used as an operational reference is created
as shown in Figure 6.33(a). In this figure, the temperature rise mostly depends
on the applied loadings (i.e., higher torque is due to higher current which leads
to higher wiring losses). Also, the temperature plots shown in Figures 3.13 and
3.14 support the idea that the temperature increases as the more torque is applied.
Figure 3.14 presents the temperature plot as a function of torque and time. On
the other hand, the time to measure the temperature is fixed at 11 minutes shown
in Figure 6.33(b) in this report. The temperature performance map developed in
Figure 6.33(b) changes with respect to applied torque and speed. Specifically, this
map shows that the temperature is changed by the increase of rotor speed.
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Chapter 7
Conclusions and Recommendations for Future
Work
7.1 Research Summary and Conclusion
These major topics are summarized in this chapter and the conclusion is
described in each individual section. In the second part of this chapter, recom-
mendations and suggestions for future directions of research are discussed.
7.1.1 Background Study on Electromechanical Actuators
In Chapter 1, the major topics, performance criteria and maps, are intro-
duced through existing literature and technical papers. The papers presented in
Table 7.1 describe the concept and usage of performance criteria and maps used
in different types of electromechanical machines. Table 7.2 lists the papers closely
related to the performance map methods of automobile engines. Each paper sug-
gested the test regime for the specific engine and built the test methods and per-
formance maps to control the operational parameters. Some other applications for
the performance criteria and maps are represented in Table 7.3. The performance
maps of turbine engines are created in Ref. [89].
A detailed study of brushless DC motors has been presented in Chapter
2. The past research has involved modeling, analysis, and control of brushless
DC motors. For modeling of the electromechanical motor control system, the
permanent magnet synchronous motor equations are derived and the mechanical
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Literature Review Descriptions
Morrell and Salisbury [64] Quantitative metrics for the task perfor-
mance would improve understanding of an
actuator’s nonlinear characteristics.
Reinert et. al. [80] The performance criteria of the switched
reluctance motor (SRM) were described.
Neumeyer et. al. [67] Introduced seven performance limiting fac-
tors for electric machines to evaluate if the
operational conditions of a motor were out
of range.
Smith and Jacobsen [94] Nine quantitative performance criteria
for electromechanical actuators were pre-
sented.
Kuribayashi [50] Used power and energy divided by mass
and volume to evaluate ten linear and ro-
tary actuators.
Table 7.1: Literature review for performance criteria and maps in electromechani-
cal actuators
equations including all of the test equipment are considered. To build the motor
equation, fundamental electric and magnetic energies are studied. Based on the
force equation developed in Equation (2.1), the generation of torque has been
explained by describing the sinusoidal commutation. To perform the simulation
using PMSM before the practical experiment, the following equations (such as








L−M id + niqω +
1
L−M Vd
• Tm = (Jl + Jm)dωldt + (Bl + Bm)ωl + Te
• Tm = 32nkeiq
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Literature Review Descriptions
Baker and Daby [7] Developed an engine mapping method to
determine engine calibration.
Stevens et. al. [97] Built a map of engine stability and com-
bustion performance parameters.
Golverk [29], [30] Generated the generalized normalized
diesel engine performance maps through
experiments.
Onder et. al. [70] Generated loop-up tables to represent the
nonlinear operational conditions for the in-
ternal combustion engine using a dynamic
test bench.
Cuddy et. al. [19] Created the performance maps for the op-
erational regime and predicted the electric
vehicle performance, range, and fuel econ-
omy.
Rizzoni et. al. [82] Developed a simulation package using per-
formance maps to find the operational op-
timizing solution of the control parameters
for hybrid electric vehicles.
Paganelli et. al. [72] Used the concept of engine performance
maps for parallel hybrid vehicles.
Table 7.2: Literature review for performance criteria and maps in the automotive
industry
Literature Review Descriptions
Sieros et. al. [89] Described a method to model the perfor-
mance maps of compressors and turbines
in a jet engine.
Chen et. al. [15] Presented the effect of the power loss of
a rubber V-belt continuous variable trans-
mission (CVT)
Table 7.3: Literature review for performance criteria and maps in other industries
In this case, Te is ignored because this term is considered as a disturbance.
Then magnetism in the permanent magnet of the rotor has been discussed.
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Figure 7.1: Magnetic exciting current curve. (a) Back EMF, Magnetic flux, Ex-
citing current, (b) Corresponding hysteresis loop [25], (c) B -H hysteresis loop
obtained from the magnetic flux test
The magnetization of ferromagnetic material is explained by providing the concept
of magnetic saturation in Section 2.2. The magnetic saturation was verified in a
permanent magnet synchronous motor by experiment as shown in Figure 7.1.
Based on the motor equations developed in Section 2.3.1, simulation of the
brushless DC motor in the test bed was performed. The simulation model was built
to represent the electrical and mechanical modeling of the electromechanical motor
using Matlab Simulink block diagrams and the differential equations describing its
dynamic motions. The mathematical model for this simulation used the following
assumptions:
• The flux established by the permanent magnets in the stator is sinusoidal.
• The electromotive forces are sinusoidal.
• Friction in bearings, windage, etc. loss is not considered.
• Most of losses depend on core and copper losses.
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• Temperature distribution is followed by Equation (2.36).
• Magnetic saturation is ignored.
• The stator windings have the same resistances and inductances.
• The self inductances and mutual inductances between windings are equal.
Figure 7.2: Core loss plot from simulation
The simulation result plots are represented in Figures 2.12, 2.13, and 7.2
using Matlab and Simulink programs. The simulation for the core loss plot is
performed as presented in Equation 2.35 as follows:
• Power Loss = Core Loss + Copper Loss












The core loss term represented in this equation applied the assumption of λ = Li
where λ is the magnetic flux linkage and is defined in Equation (2.5). The core loss
performance map obtained by simulation affects the efficiency map as represented
in Figure 2.12. Heavy duty cycles including the motor operation with high torque
and fast speed increase losses as seen in Figure 7.2.
179
7.1.2 Development of Actuator Performance Criteria
This report presents a work-in-progress that aims to develop an intelligent
control methodology whose basic premise is that an actuator is a highly nonlinear
device with redundant resources and that its performance can be improved by using
a nonlinear model and extensive sensory information. A collection of performance
criteria shown in Chapter 3 is the approach taken to represent the complexity of the
actuator (both as an original model reference and as a real time sensor reference)
and the metrics for measuring the actuator state.
The actuator control architecture, which uses a decision-making system to
determine the best performance output for an intelligent control system, is shown
in Figure 7.3. The key building blocks of the intelligent control approach are the
actuator criteria and performance maps which were constructed in this research.
The performance criteria are defined as the decisive factors to define, anticipate,
and evaluate the performance responses of the system. The quality of an actuator’s
outputs can be evaluated quantitatively based on the properly defined performance
criteria. The criteria, built in this research, are diverse enough to characterize
as many aspects of performance as can be deduced from the physical state of an
actuator during the task. These criteria become the basis to create the performance
maps, which is the metric visual expression of performance criteria, considering
all possible situations and conditions. The performance maps developed from
tests were based on independent operational parameters and states, and represent
the most important nonlinear properties of the actuator. A generalized actuator
parametric model that represents these nonlinear properties will be developed using
performance maps. Also, in order to complete the intelligent control, the decision-
making algorithm necessitates sensor models that are based on real-time sensor
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Figure 7.3: Importance of actuator criteria
data. Actuator criteria, which were the focus of this research, will be the references
to collect the sensor data based on the parametric models.
The initial listing of 10 electromechanical motor performance criteria was
presented in Table 3.1. Development of these criteria and the identification of
the relationships among them are the basic foundation to build an actuator man-
agement architecture. Actually, an electromechanical motor has a multitude of
parameters that affect its overall performance. A detailed understanding of these
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cross-couplings and parameters is an essential first step towards increased per-
formance. For example, the torque generated by a motor is closely tied to its
temperature. Understanding of this relationship suggests a need to address the
cooling needs of the actuator. Also, of interest is the acceleration response of a
motor under a given load. Analysis of this property can provide an operational
acceleration margin that is used to determine how fast the acceleration follows the
input torque command (i.e., in terms of step input). Superimposed cyclic varia-
tions in the normal load (called torque ripple) affect actuator performance. This
torque ripple has a distinct sound signature that can be detrimental for low noise
applications.
Actuator performance criteria have been suggested for experiment based
on several independent control parameters. These independent parameters for
PMSM drives are desired torque, Tm, rotor speed, ωL, and current, iT , (or voltage,
VT ). The measured dependent parameters are output torque, Ta, temperature, CT ,
magnetic flux density, MT , acceleration, ab, and rise time, tr. The independent
parameters were one of the x -y axes in performance map plots as shown in Figures
7.5 – 7.10. Also, the combinations of dependent parameters were plotted in the
third (z ) axis.
7.1.3 Fabrication of the Actuator Test Bed
In this report, the approach for representing the complexity of actuator
performance is a collection of performance maps corresponding to each motor or
actuator. Using flexible hardware and software to integrate the motion control
for two motors and the hysteresis brake, test data has been obtained using the
actuator test bed. The procedure for building the test bed, which has been named
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the Nonlinear Test Bed for Actuators (NTBA) and represented in Figure 7.4, was
described in Chapter 4. For experimental data measurements, the gains have been
carefully chosen and various signal processing methods have been used to filter out
signal noise.
Figure 7.4: Actuator test system overview
Each mechanical component has been carefully chosen and its specifications
are introduced and used to explain why the specific component has been selected
as shown in Table 7.4. The load motor was selected first, then couplings, a brake,
a clutch, and a torque sensor were chosen. The amplifier and power supply for
the test motor and the load motor were selected based on the maximum power
capacity of the overall management system. The maximum speed was 650 RPM,
the maximum applied torque was 15 Nm, and the system frequency was 20 Hz.
A high bandwidth torque sensor has been used to accurately measure the torque
signals. Also, 12 bit resolution encoders were used to estimate the velocity and
acceleration. The current signals in three phases were measured in three current
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Key Components Features
Load Motor 7.16 kW, 48.2 Nm (Peak), 5000 RPM (No
Load Speed), 81 Amps (Peak)
Test Motor 1.98 kW, 28.2 Nm (Peak), 650 RPM, 17.2
Amps (Peak)
Torque Sensor 40 Nm (Max), 15000 RPM, ±0.5% (Accu-
racy)
Encoder 12 Bit (Resolution), 6000 RPM (Max)
Clutch 29 Nm (Static torque), 5000 RPM
Current Sensor Current Sensor 36 Amps (Peak), ±0.5%
(Accuracy)
Motion Controller 16 kHz (Sampling Rate), 8 AIO (16 Bit),
16 DIO.
Table 7.4: Specifications of major components
sensors. To measure magnetic flux density signals affected by high temperatures,
the Hall sensor was installed inside the air gap of the test motor. Four thermisters
were used to monitor the increment of the temperature in the three phase currents
and the stator core. To control the overall mechanical and electrical system in
NTBA, an NI motion controller is used and the Labview programs help the test
bed operator provide proper commands to generate a mechanical power from an
electrical power source.
To create performance maps, test regimes have been developed in Chapter
5. Five test methods have been suggested to test the electromechanical motor and
create ten performance maps in this report. Test regimes include the most general
case in the operation of the motor and the applied torques consider two different
type of loads. Dynamic torque measured in a torque sensor has been developed by
the test motor and generates sinusoidal periodic loads which represent a nonlinear
periodic load. Table 7.5 describes the procedure of this test protocol. On the
other hand, the static constant torque was developed in the test motor to provide
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Test Regime I
• The load motor starts to run at a constant speed, ωL. The speed, ωw, of
the system is governed by the load motor.
• At the same time, the test motor is operated in a certain repeating torque
profile. This torque, Tm, is generated by providing the current command
required to run the motor to the test motor amplifier. The torque, Ta,
applied to the system is controlled by the test motor.
• The measured data during the operation is recorded by the DAQ board.
The test data are recorded for a certain time.
• This test is repeated for different frequencies of cyclic voltage input and
different speeds of the load motor.
• The torque sensor measures the output torque, Ta, of the test motor.
Table 7.5: Test regime for dynamic loading test
Test Regime II
• At rest, both motors are connected by engaging the clutch.
• The load motor starts to run at a constant speed, ωL. The speed, ωw, of
the system is governed by the load motor.
• The torque, Tm, is generated by providing the current command required
to run the motor to the test motor amplifier. The static torque command
from the test motor amplifier is provided to generate constant torque, Ta.
• The measured data during the operation is recorded by the DAQ board.
• This test is repeated for different speeds, ωL, of the load motor.
• The torque sensor measures the output torque, Ta, of the test motor.
Table 7.6: Test regime for static loading test using constant torque, Ta
185
Test Regime III
• At rest, both motors are connected by engaging the clutch. Thermisters
are attached on the stator windings and core as shown in Figure 5.6. Also,
thermometer is inserted inside the test motor to monitor visually the rise
of temperature.
• As mentioned in Test regime II, the same torque, Tm, profiles are generated
in the test motor while the load motor runs at a certain speed, ωL.
• The measured data during the operation is recorded by the DAQ board. At
this time, there is one more measurement parameter, which is temperature,
CT .
• The operating temperature, CT , of the test motor is considered between
25◦C (an ambient temperature) and 90◦C.
• This test is repeated for different speeds, ωL, of the load motor.
• The torque sensor measures the output torque, Ta, of the test motor.
Table 7.7: Test regime for temperature test using constant torque, Ta
constant loading to create the peak torque at each speed, which is controlled by
the load motor. The test protocol for the static loading test is represented in
Table 7.6. Also, in order to determine the rise of temperature inside the motor,
the temperature is measured for 11 minutes. At less than 5 Nm, the temperature
increases very slowly, but at more than 5 Nm, the temperature increases somewhat
faster. The temperature performance map created in this test is a very important
limiting factor to generate a torque in the motor during a certain time, so the
temperature should be monitored while the motor is operated. The test protocol
for the temperature test just adds the procedure to measure temperature using
thermisters when the test data are collected in the sensors installed in the test bed
as described in Table 7.7.
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Test Regime IV
• At rest, both of motors are connected by engaging the clutch.
• The load motor starts to run at a constant speed, ωL. The speed, ωw, of
the system is governed by the load motor. At this time, the test motor is
off.
• After a few seconds, the test motor energizes to develop a certain torque,
Tm. The torque increases to a certain value as commanded by the con-
troller and stays there for a few seconds to obtain enough data.
• The measured data during the operation is recorded by the DAQ board.
The test data are recorded for a certain time in an equidistant period of a
sampling rate.
• This test is repeated for different speeds of the load motor.
• The torque sensor measures the output torque, Ta, of the test motor.
Figure 5.8 represents the control of the torque, Ta, generated in the test
motor.
Table 7.8: Test regime for transient response test
The transient test has been suggested as shown in Table 7.8. In this report,
the torque rise time is described as a transient test and the torque developed in
the test motor is increased to a certain higher level of static loading from a no-load
condition. This test has been performed for various values of speed, controlled
by the load motor. Finally, the hysteresis brake was used to develop acceleration
and torque ripple performance maps. The hysteresis brake test is named after the
usage of the hysteresis brake. The hysteresis brake is used instead of using a load
motor because there is no cogging torque in the hysteresis brake. The cogging
torque, mentioned as a parasitic property in an electromechanical motor, is the
major source of the torque ripple in an electromechanical machine as mentioned in
Section 3.7. The test protocol for the hysteresis brake test is represented in Table
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Test Regime V
• At a stop position, the test motor and hysteresis brake are connected by
engaging the clutch.
• The test motor starts to run at a constant speed, ωb. The speed of the
system is mostly governed by the inertia and friction of the test motor
and hysteresis brake at the beginning. The speed is set by monitoring the
torque response.
• After a few seconds, the hysteresis brake is applied to develop a certain
torque, Ta. The torque increases to a certain value as commanded by the
controller unless the motor runs at enough speed to overcome the inertia
and friction of the test system.
• In the control program for the test motor, the command signal, which is
the voltage signals provided in the motion program for the test motor, is
provided to create the increment of speed. By doing this, the average and
maximum accelerations, ab, are obtained.
• The measured data during the operation is recorded by the DAQ board.
The test data is recorded in a time period of 3 msec.
• This test is repeated for different increments of speeds and torques of the
test motor.
Table 7.9: Test regime for hysteresis brake test
7.9.
7.1.4 Analysis of Test Results
Based on the test regimes presented in Tables 7.5, 7.6, 7.7, 7.8, and 7.9,
actuator tests were performed. Chapter 6 describes the test results, and perfor-
mance maps and performance envelopes were created. Each set of torque and
speed values, as presented in Section 5.1, were applied to the test motor and the
load motor and they were connected by engaging the clutch as shown in Figure
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7.4. Several sensors were installed in the test bed, and began operating with the
motion of both motors. The sensor signals were collected using a synchronously
fixed sampling rate and they were stored in the DAQ board. Using an NI-SCXI
signal conditioning machine, the signals were cleaned by removing 95% of the sig-
nal noises generated in the measurement. The cleaned signals are identified as
a function of control parameters using time series analysis, which is described in
Section 7.1.6.
Figure 7.5: Test result I: Operational margin maps
Figure 7.6: Test result II: Copper loss maps
Ten performance maps were obtained through experiments using NTBA
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Figure 7.7: Test result III: Core loss maps
Figure 7.8: Test result IV: Torque response maps
as shown in Chapter 6. Some parts did not show up in the 3D surface of a
performance map because the test bed could not adequately test the permanent
magnet synchronous motor in that area (it was speed or load capacity limited).
The test motor was supposed to generate up to 26 Nm of peak torque but only
achieved 14 Nm. Because the power transformer of the test motor was not able to
provide enough peak current, the maximum torque was not generated in the test
motor. This current limitation of the NTBA is illustrated in test results as shown
in Figures 7.5-7.10.
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Figure 7.9: Test result V: Acceleration maps
Figure 7.10: Test result VI: Magnetic flux density maps
Most of the performance maps did not cover all of the test range of the test
motor, but the surfaces created using the test bed had very nonlinear, meaningful
and practical properties, which were reasonable in an engineering sense. In fact,
their nonlinearity must be taken into account to accurately create valid opera-
tional performance envelopes. Operational performance maps have been presented
in Figure 7.5. The maximum current used in the tests was 6 Amps because the test
bed started vibrating at this amperage. This problem can be solved by replacing
the power transformer for the test motor. Also, Figure 7.6 represents the incom-
plete surface with respect to the torque variable because the power transformer did
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not provide enough current to generate the torque in the test motor. As shown in
Figure 7.6, copper loss was very small at low current and torque, but by increasing
the current to the motor, copper loss increased significantly with the square of the
current. The second order copper loss equation shown in Figure 6.7 created the
parabolic shape of copper loss performance map as a function of current, iT . The
shapes of the core loss performance maps were parabolic due to the square terms
of voltage and current as shown in Figure 7.7. Core loss was low at the rated
values of torque, Ta, and speed, ωw, but it increased under low torque-high speed
and high torque-low speed conditions.
The relationship between torque and current was described by changing the
speed of the motor and it was represented in Figure 7.8(a). At more than 200 RPM
and 6 Amps in Figure 6.12, the torque-current had an even more severe nonlinear
curve. Also, the torque ripple performance map was obtained using the hysteresis
brake as shown in Figure 7.8(b). The ripple was almost 45% at the test motor
speed of 300 RPM and a low load torque of 0.42 Nm. In overall torque ripple
responses, the ripple was less than 5% at higher torque output, Ta, from the test
motor.
The acceleration performance map has been created using the test set-up
including the hysteresis brake as shown in Figure 7.9. Maximum acceleration was
obtained by selecting the largest value in the transient region when increasing
the speed, ωw, from a low value to a higher value. The average acceleration was
determined by averaging the acceleration values in the transient region between
two different magnitudes of speed. In Figure 7.9(a), the maximum acceleration
was almost 2.3 rps/s at 1 Nm of torque, Ta, output and 340 RPM of the speed
increase. In addition, the average acceleration had almost the same tendency as
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the maximum acceleration as shown in Figure 7.9.
The magnetic flux density performance maps, which are the last test exam-
ple plots, are shown in Figure 7.10. As shown in Figure 7.10(a), the magnetic flux
density was slightly reduced at higher rated torques and speeds at the elapsed time
of 11 minutes. The magnitude of the reduced value was very small (about 6-7 %)
but this plot explained that magnetic flux density B was affected by torque and
speed. In Figure 7.10(b), the magnetic flux density, as a function of temperature
and speed, measured at 11 minutes was lower than the 0.6 Tesla (T) measured at
the start.
An actuator test framework has been discussed and test methods for build-
ing performance maps are presented in this report. In this section, performance
maps have been created through five different test regimes and these maps rep-
resent the operational performance of the test motor. The motor has a number
of operational references, so it can be managed to generate high quality responses
during operation. The performance envelope created by using performance maps
provides and guides optimum output responses by controlling the motor. The
procedure to create a performance envelope has been discussed in Section 6.2.
7.1.5 Development of performance envelope
The NTBA fabricated in this research has been used to create electro-
mechanical motor performance maps utilized to develop performance envelopes.
The procedure to create a performance envelope is shown in Figure 7.11. Test
regimes have been established to provide test procedures and develop these per-
formance maps, and using the NTBA, performance map plots have been created.
The first result from the dynamic loading test, which is one of the presented test
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regimes, was for building the operation margin performance map. To compare
with the torque-speed curve in the trade literature, two control axes were cyclic
frequency and speed, and the third axis was torque. The cyclic frequency changed
up to 5 Hz and could be increased more1. Also, the torque-speed contour plot
developed in Figure 6.26 is one kind of performance envelope and it can be com-
pared with the torque-speed curve introduced in traditional trade literature. Four
performance maps, such as efficiency, rise time, magnetic flux energy, and tem-
perature, were used as examples to show how to create the performance envelope
based on these maps as described in Section 6.2.
Using constant static torque test, the efficiency and motor loss performance
maps have been created. Based on loss performance maps, efficiency has been con-
sidered as one of electromechanical motor performance maps because the power in-
put becomes power output and power loss. In this research, the efficiency obtained
through the testing has been very low compared with values in trade literature as
shown in Figure 6.27. The maximum efficiency has been estimated as 70% in the
test of the brushless DC motor. Figure 7.12 describes the normalized efficiency
performance map which can be used to establish a performance envelope. There
are some other tests performed in this test protocol.
The magnetic flux density signal has been monitored to create magnetic
flux energy. Flux energy has been obtained by calculating the area of the B -H
hysteresis curve developed during the test. As shown in Figure 7.14, the torque
output from the test motor has the greatest affect on the magnetic flux energy. The
magnetic flux energy, which is the function of current and magnetic flux density,
ranges from 30K to 220K Joules (J) during the tests of different torques in the test
1The test motor bandwidth is 20 Hz.
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Figure 7.11: Procedure to develop performance envelope
Figure 7.12: Development of efficiency performance map
motor. The normalized magnetic flux density performance map is also presented
in Figure 7.14.
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Figure 7.13: Development of rise time performance map
Figure 7.14: Development of magnetic flux energy performance map
Figure 7.15: Development of temperature performance map
Using the temperature test protocol developed in Section 5.1.3, the tem-
perature performance map has been developed as shown in Figure 7.15. Using this
map, it is possible to judge how fast the temperature increases at higher levels
of torque and higher speeds. Specifically, from the map, it is seen that the tem-
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perature almost linearly increases by increasing the torque. In the temperature
performance map, the temperatures were measured after an elapsed time of 11
minutes for different sets of torques and speeds. The temperature reaches 80◦C
if 9 Nm of torque is applied to the test motor for 11 minutes. The temperature
performance map is normalized using the maximum temperature, then the scaled
map is created as shown in Figure 7.15.
A rise time test has been suggested as one of the transient test protocols.
The rise time performance map shows the torque response time by increasing the
static torque as shown in Figure 7.13. In this report, only the step-up of torque
has been applied, but the step-down of the torque should also be applied and the
response to it will be different than the test results found in this research. As
can be seen, the rise time decreases by increasing the torque at low speed, but
it increases by decreasing the torque at high speed. When the test motor was
running at 400 RPM, the rise time was less than 1 msec. The normalized rise time
performance map is presented in Figure 7.13.
Figure 7.16: Development of actuator performance envelope using four perfor-
mance maps
After completing the development and analysis of ten performance maps,
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building the performance envelope has been discussed. To generate a performance
envelope plot, all of the performance map plots driven at the same control pa-
rameters should be normalized with a properly defined normalizing factor2. The
3D normalized performance map plots are represented in Figures 7.12 through
7.15. The normalized performance maps have been combined together in torque
and speed axes as shown in Figure 7.16(a). In this report, maximum values in
each data point have been chosen as a governing performance value during the
operation of the motor. Then, combining together all of the data points selected
based on the knowledge of maximum values, the performance envelope is estab-
lished as shown in Figure 7.16(b). The performance envelope plot with respect
to torque and speed is also presented in torque-speed contour plot as shown in
Figure 7.19(b). The performance envelope guides the motor controller to manage
for the proper command without hitting any safety border line during operation.
The performance envelope can be improved by proving a rule to select the opti-
mum operational map in a certain application. This will be done in the future by
creating a decision-making algorithm.
Statistical processes have been utilized to supplement the uncertainties of
the raw data obtained from tests of the brushless DC motor. The standard de-
viation and average values have been calculated and used to develop the upper
and lower error bounds of the magnetic flux energy performance map as shown in
Figure 7.17. The tests for building the magnetic flux energy map were repeated
299 times in different torque, Ta, and speed, ωw, settings of the test motor and the
load motor. (BH)max is represented with two other layers where the upper layer
is obtained by adding the standard deviation values to the average values and the
2In this research, peak value in overall test ranges of the control parameters is used.
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Figure 7.17: Determination of error bounds and magnitude of measurement error
lower layer is obtained by subtracting the standard deviation values from the av-
erage value of (BH)max. Each performance map needs to have this error analysis
because the data point in each 3D surface of performance maps is calculated by
taking the RMS of the time dependent raw data measured in each sensor. These
error bounds should be created for the other performance maps in the future.
7.1.6 Usage of performance envelope
All of the performance maps built in this report can be parametrically ex-
pressed in a nonlinear polynomial form. The Box-Jenkins statistical method has
been used to retrieve all of the test data and build the mathematical representation
of the sensor response with respect to time for creating each data point in a perfor-
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mance map. The example polynomial equation (Equation (5.6)) representing the
sinusoidal torque response data has been developed using the stochastic ARIMA
model.
Figure 7.18: Identification of a performance equation
In Section 5.2, the Box-Jenkins ARIMA method is presented by solving an
example problem. The test data is obtained using NTBA and the numerical model
is obtained using the ARIMA procedure. The nonlinear equation representing the
test data as a function of time will be created in other test data by repeating the
ARIMA procedure. Once the parametric descriptions are ready for the identifi-
cation of statistical data, the performance map is developed using the test data
obtained from the tests. Figure 7.18 represents how the equation is used to man-
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age the test data. A performance envelope has been built by testing an electro-
mechanical actuator. The performance envelope used four performance maps and
independent parameters and operational characteristics of each map have been
confirmed by repeated tests. There is a certain point, “A”, as a reference point in
the performance envelope. The point “A” belongs to a point “B” of a performance
map which is one of the normalized map components of the performance envelope.
The point “B” is developed by a torque response of the given sinusoidal torque,
Tm, command in the test motor. The point “B” is the representative of a specific
performance map with respect to two independent parameters. The identification
of this point is known as a time series equation written in time variables. The
torque data curve as shown in Figure 7.18 is expressed as the estimated model
equation number “4”. The equation is obtained by ARIMA method presented in
Section 5.2 and used as the reference model for performance evaluation and for
condition based maintenance.
7.1.7 Comparisons of Test Results with the Trade Literature
Performance maps have been developed to construct the performance en-
velope for specific control parameters. In this report, torque and speed have been
picked as control parameters and the performance envelope using these parameters
is represented in Section 6.2. It was originally suggested that a decision-making
algorithm should be used to create performance envelopes, as mentioned in Sec-
tion 1.1, but this method is not built yet in RRG. Therefore, in this report, the
maximum value is chosen for a set of torque and speed values, and by doing this
a preliminary procedure to create the performance envelope is developed and is
shown in Figure 7.11. Also, each performance map is normalized to be combined
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together in a performance envelope as represented in Figure 7.16. The performance
envelope as shown in Figure 6.24 has maximum values in four different areas (such
as efficiency, rise time, magnetic flux energy, and temperature performance maps)
representing motor performance when it is operated. In each operational region,
the magnitudes of four normalized performance maps are different, so the main
role for guiding the motor operation keeps changing depending on the maximum
value in each set of torque and speed axes. In Section 6.3, the performance maps
built using the NTBA are compared with the performance plots introduced in the
trade literature and research papers.
Trade Literature Test Results
• Lack of operational values in nor-
mal and abnormal conditions.
• Provide enough metric values to
manage the optimum performance of
the test motor.
• Lack of the number of referencing
plots.
• Generate many performance map
plots depending on the environmen-
tal conditions.
• Lack of displacement of perfor-
mance plots (2D plots).
• All of the performance maps are
established in 3D surfaces.
• Lack of considerations of possible
real operational events.
• Many test regimes have been de-
veloped to emulate real application
conditions.
Table 7.10: Contrasts between performance plots obtained by trade literature and
experimental data obtained by test result
The performance data plots used in the trade literature and research pa-
pers are compared with the test result plots presented as actuator performance
maps. As listed in Table 7.10, the performance plots in the literature had several
drawbacks for users, which are the lack of control parameters, the lack of opera-
tional values in normal and abnormal conditions, and the lack of the number of
referencing plots to fully describe and enable the management of the performance
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Figure 7.19: Comparison of torque-speed plots
of the motor considering all of the operational conditions. The maps obtained
in the experiments using NTBA provide the metric values of maximum operation
ranges and the control values at any instant in time. Also, the performance maps
and envelopes have been built in separate tests before deploying the motor, so
the user knows the operational properties of the motor and can control the motor
to best meet various environmental conditions. In addition, more performance
maps should be created for the test motor. The current set of performance maps
provide much better information about the test motor than the information in
the data sheet of the trade literature. However, in order to manage and evaluate
the operation of an electromechanical motor, more performance maps need to be
generated.
7.2 Recommendations
The performance maps created in this research provide an expanded level of
understanding of a brushless DC motor. This section recommends the modification
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of the test bed for improving and extending the ability of the actuator tests. Also,
in order to improve management and guidance for the operation of the motor, it
is suggested that more performance maps and envelopes are created. Table 7.11
represents the additional performance criteria, which may be very useful to develop
a more complete set of performance maps for a motor.
7.2.1 Recommendations for Additional Actuator Criteria
Criteria Descriptions
Torque Impulse Shock in a short time relative to a given
duty cycle.
Torque Saturation Limit Torque saturation based on duty cycle
norm.
Friction Torque Friction causes tracking error at low speed.
Internal Noise A measure of the noise inside the actuator
as an indicator of overall degradation.
Table 7.11: Additional actuator performance criteria
As mentioned in Table 7.11, Peak torque × 4t defines torque impulse.
Torque impulse indicates the capacity of an actuator to suddenly create large
torques for very short periods of time. The actual response can be obtained only
through extensive testing. In normal operation, the rated current to generate
torque is limited by the maximum heating from the resistive power loss. When a
peak torque is to be generated for a very short period of time, the question is not
heating (the basis for the rated current) but the ability of the motor to increase to
some level of torque over the rated torque (200%, 300%, or etc), which is limited
by the peak current in the brushless DC motor driver. What duty cycle is feasible?
How many peak torque impulses will be allowed during the duty cycle? How much
energy content is in each pulse relative to the normal energy content of a given
204
duty cycle? Given these values, then the operator will know exactly what can be
accomplished on demand (i.e., the system becomes intelligent) and how far beyond
the performance envelope one can go for very short bursts of torque [1].
The PM motors using temperature sensitive magnetic cores with a relatively
low Curie temperature3 have different speed and torque characteristics as compared
with conventional motors when considering temperature changes as mentioned in
Section 2.2.3. The torque saturation limit is obtained as the critical magnetic flux
density at the critical temperature [86]. Two kinds of parameters in this case are
introduced to analytically describe the torque saturation limit. First of all, the
torque saturation value is defined. It is the torque expression of the model used
in, as
Tsat = rABrmsJrms (7.1)
where r is the radius of the rotor in the air gap, A is the area of normal flux
direction in the air gap, Brms is the RMS value of magnetic flux density, and Jrms
is the RMS value of current density. Secondly, the duty cycle norm is defined with
the root-mean-square (RMS) value, which takes into account the fluctuations of
the signal about its average value. The operation of computing the average value
of torque output corresponds to integrating the signal waveform over some period








where tcycle is the period of a cycle, θ is a cycle, and T is any kind of torque cycle
curve. Trms − Tsat indicates the difference between the RMS value of the applied
3The definition of Curie temperature is given as follows: Curie point is the temperature at
which the transition from ferromagnetic to paramagnetic properties of a substance is complete.
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torque and the torque saturation limit. The difference between these two terms is
used to evaluate the torque saturation limit.
Figure 7.20: Steady-state friction torque vs. velocity models for normal loads of
0.98 N to 8.83 N [79]
Another actuator criteria that should be considered for future research is the
friction torque. When the end effecter of a robot is tracking a reference trajectory
at very low speeds, it does not perfectly follow its known path4. To identify the
cause of this problem, the operation of the actuator inside of a robot needs to be
investigated to compensate this tracking offset in dynamic motion. Especially, the
present research only focused on the electric motor out of several components in
actuator, so the cause of the tracking problem at a low speed may be found at
the prime mover level. The common mechanical components in BLDCM are the
rotor, stator, winding, shaft and bearing. Out of these components, the bearing
4Recall that at very low speeds, friction can be very dominant.
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is the most likely candidate for the main cause of the tracking problem. However,
the bearing friction inside the prime mover is too small effect on forward running
of the motor. Therefore, in order to increase the friction effect, the experiment for
this criterion will use a large mass on the ends of the motor shaft. The emulated
vertical direction of loading will increase the friction torque in rotational direction
of the motor. Additionally, the change of the mass size will give the effect of the
vertical loading in dynamic motion at a very low speed. To make the situation
close to the real situation, the sinusoidal and periodically nonlinear trajectory will
be generated with different magnitudes and frequencies. From this experiment,
the friction torque can be identified to help to find the tracking error. Figure 7.20
represents a published report on how the friction torque varies with increased speed
and weight of the loads. This shows how to obtain the estimated values on the
variation in normal load detected through the processing of the friction estimate.
Acoustic noise is one of the most important factors that determine accept-
ability and usage of motors. Magnetic noise caused by air gap radial forces is by
far the most important contributor to the overall noise. The radial forces that
create noise are mainly produced by space harmonics in the air gap magnetic field
between stator and rotor. As the load is increased, the noise level increases at
the rated flux as mentioned in [106]. At light loads, a reduction of the stator
flux can significantly reduce the acoustic noise. However, as the load is increased
the noise reduction becomes less significant, and a further reduction can result in
higher noise emissions, and cause instability of the system. Also, Xu et. al. [106]
mentioned that the noise increases noticeably with increasing speed.
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7.2.2 Recommendations for Improving the Actuator Test Bed
The initial settings for the NTBA has been designed for testing an electro-
mechanical motor, not an actuator. To test an actuator, a gear train needs to
be installed, so the capacity of torque must be multiplied many times depending
on the size of the gear train. For testing an actuator, an additional gear train is
equipped in front of the load motor. Figure 7.21 shows the conceptual diagram
of the dynamometer test bed for an actuator. The detailed procedure to change
mechanical and electrical components are described in Table 7.12. The suggested
values in each component are determined by the ratio of the gear train because the
torque generated in the actuator mostly dominates the entire motion of the test
system. The torque combined by the gear train and the load motor can overcome
the torque generated in the test actuator. The torque-speed curve developed by
testing the actuator will expand the outside limit of the test actuator. The test
capacity is also increased, so the torque capacity of the torque sensor and clutch
should be increased to cover two times larger than the maximum torque in the test
actuator. As the electric power to the motor is increased, the power supply should
be changed to provide enough electric power to generate the full amount of me-
chanical power. Unlike the motor, the test actuator needs a higher capacity power
supply and power transformer to generate enough current for the development of
the torque in the actuator.
During the operation of the actuator system, several Labview programs
were used to control two electromechanical motors. The brushless DC motor in
the test side controls the torque measured in the torque sensor and the brushless
DC motor in the load side controls the velocity measured in an encoder. The posi-
tion and velocity controls are correctly operated in both the load motor amplifier
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Nonlinear Test Bed for Actuator including 100:1 ratio of gear train
• The peak torque of the test motor is 15 Nm and the maximum speed is
650 RPM.
• Add a gear train, which has a 100:1 gear ratio in load motor side to test
an actuator (100 times higher capacity of the actuator than the current
test motor).
• Replace the torque sensor. The governing torque of the test system is 100
times increased, so the allowable torque of a torque sensor should be 1500
Nm.
• Bellows couplings should be replaced with a higher capacity coupling,
which can endure more than 1500 Nm. However, the inertia increases
10 times than before.
• Increase the size of the clutch for higher capacity. The maximum torque
capacity of the Ogura clutch is 29.4 Nm. For the actuator testing, the
static torque should be changed to more than 1500 Nm.
• The isolated transformer should be changed for higher capacity in order to
get higher torque output from the test motor. The current power capacity
of the transformer is 5 kVA and it should be 10 kVA to develop the peak
torque of 26 Nm.
• Develop a torque control program in a closed loop.
• Develop more Labview programs to provide different kind of nonlinear
periodic loads.
Table 7.12: Recommendations for the improvement of NTBA
and the motion control program of the load motor. However, the torque control
is not controlled in a closed loop in the motion control program of the test motor.
The torque control was performed in an open loop, so the amount of torque had to
be adjusted beforehand. In order to produce a more accurate torque, the torque
control should be acquired in the motion control. Additionally, more motion pro-
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Figure 7.21: Installation of gear train in the test bed
grams should be developed to create some other types of nonlinear periodic loads
using Labview. These generic loadings should be close to the realistically true
loads which happen in the real application of an electromechanical motor.
7.2.3 Recommendations for Improving Development of Performance
Maps
In this research, ten electromechanical motor criteria were developed. If
there are more criteria to govern all other situations, more criteria should be de-
fined in the future. Also, in this report, the test motor is a brushless DC motor, so
other types of motors, such as induction AC motors, stepper motors, and switched
reluctance motors, need their own performance criteria for proper operation con-
sidering all the possible situations. The following example of two different cate-
gories of how they produce torque provides why some other type of motor needs
its own performance criteria. The motion of brushless DC motors is produced by
the interaction of two magnetic fields, one generated by the stator and the other
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Performance Maps
• More operational criteria should be defined in a permanent magnet syn-
chronous motor as presented in Table 7.11.
• Performance criteria will be defined for the actuator including gear train,
bearing, clutch, and sensors.
• Repeat current test regimes at the same conditions.
• The same statistical analysis as the methods presented in Section 6.1.11
are used to create error bounds for nine more performance maps.
• Each performance map surface has a nonlinear equation of the model de-
veloped by ARIMA time series analysis.
• By improving the power supply capacity to the test motor, the perfor-
mance maps developed in this research can be expanded to cover the whole
range of torque and speed for the test motor.
• Create performance maps with other control parameters such as current
and voltage.
Table 7.13: Recommendations for the improvement of performance maps
by the rotor. Two magnetic fields, mutually coupled, produce an electromagnetic
torque tending to bring the fields into alignment. On the other hand, the motion
of switched reluctance motors is produced as a result of the variable reluctance in
the air gap between the rotor and the stator. When a stator winding is energized,
producing a single magnetic field, reluctance torque is produced by the tendency
of the rotor to move to its minimum reluctance position. Because of these different
working principles to produce a torque, a different type of a motor needs its own
performance criteria. Likewise, an electromechanical actuator, including mainly
gear train and associated bearings, needs to have performance criteria to manage
the operation in a real application.
211
The test results developed in this research did not have enough error analysis
except for the magnetic flux energy performance map. Some of the maps shown
in Chapter 6 have uncertainties, so they need to have more test data to build
error bound surfaces. These are operational margin, rise time, torque ripple, and
magnetic flux density performance maps. Each test should be repeated using the
same test protocol at the same test condition. Upper and lower error bounds are
created by using the standard deviation of the test data. The test data should be
large enough to follow normal distribution. Also, each performance map surface
can be identified using the ARIMA time series method mentioned in Section 5.2.
In this report, there is only one example to show how to find the stochastic analytic
description from the test data. If a data point in a performance map needs to be
identified as a function of time, the time series analysis should be applied and the
governing equation obtained. However, this procedure is very tedious in order to
accomplish all of the identification work for all of the data points needed. Some
other method should be suggested by more research on statistics.
In addition, the isolated transformer used for the test motor has the power
capacity of 5 kVA but it was not enough power to generate torque as commanded
in the Labview program. The motor needs more current to develop the peak
torque as referenced in the motor catalog. However, the torque is not generated
because the current flowing into the motor is limited. This problem can be solved
by replacing the current transformer with an isolated transformer of more than 10
kVA. The missing data shown in several performance maps can be recovered with
the data developed with the new isolated transformer.
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Performance Envelopes
• Decision-making algorithm should be developed to manage the operational
control of an electromechanical motor.
• Research some other mathematical method to normalize each performance
map.
• More performance envelopes can be created by joining performance maps
in different sets of control parameters.
Table 7.14: Recommendations for the improvement of performance envelopes
Figure 7.22: Application of the performance envelope
7.2.4 Recommendations for Improving Generation of Performance En-
velopes
Engineering judgement is needed to decide optimum gain settings and de-
termine the governing performance map in a certain control range. The decision-
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making system is supposed to pick the right combination of control parameters
to manage all kinds of responses occurring in real situations. The operating rules
in the decision-making system may be established off-line before applying them
to the motor. Also, the decision-making will play the main role to decide the
main reference surface in a certain operational area. As shown in Figure 7.22, four
normalized performance maps are put together to develop a performance envelope
(Plot “A”). The 2D plots (Plot “B”) of performance maps originated from Plot
“A” is a cutaway view of performance maps with respect to the torque output, Ta.
If the maximum performance envelope is selected to evaluate the actuator, which
is obtained from the reference of [100], as represented in Figure 7.22, the maximum
surfaces out of four different performance maps are chosen with respect to torque
and speed.
Based on the maximum performance envelope, the temperature perfor-
mance map governs the management of torque and speed in the region of more
than 6-10 Nm of the torque output, Ta. After the test motor operates at the speed
of 350 RPM and the applied torque of 10 Nm, the temperature map is dominant
in the region and it indicates that the temperature increases up to 80◦C in 11
minutes. In this research, each performance map is normalized by the peak value
of the overall components in the response matrix but sometimes the definition of
normalization might be defined in a different way. Further research will be needed
for the normalization of the performance maps. Finally, the performance envelope
has been created with respect to applied torque and speed in this report, but more
performance envelopes can be created based on the performance maps expressed
in different control parameters such as current and voltage.
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7.3 Tasks Accomplished in This Research
This report has provided a background study on electromechanical actua-
tors, development of actuator performance criteria, a description of the fabrication
of an actuator test bed, an analysis of test results using statistical tools, and the
creation through extensive testing of performance maps and performance envelopes
for an electromechanical actuator. The tasks accomplished in this research are as
follows:
• Understood the principles for the operation of a PMSM.
• Researched the characteristics and operational range of a PMSM.
• Developed prime mover performance criteria.
• Collected position, torque, current, magnetic flux density, and temperature
sensor information and determined appropriate sensors for the NTBA.
• Researched data acquisition board and micro-controller.
• Developed equations of motion for a PMSM when it was loaded. There were
some references for constructing governing equations to describe the motion
of a PMSM.
• Performed preliminary analysis by simulation using MATLAB.
• Used time series analysis to analyze the test data from experiments.
• Used ARIMA method to identify the governing equations of the statistical
data.
• Developed and built the Nonlinear Test Bed for Actuator (NTBA).
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• Developed five test regimes for an electromechanical motor.
• Performed experiments based on the test regimes using NTBA.
• Created ten performance maps based on the test data.
• Created upper and lower error bounds on the magnetic flux energy perfor-
mance map using standard deviation analysis.
• Plotted a performance envelope with several parameters using four perfor-
mance maps.





General Notation for ARIMA Models
ARIMA is an acronym for AutoRegressive Integrated Moving Average. The
order of an ARIMA model is usually denoted by the notation ARIMA(p,d,q), where
p is the order of the autoregressive part, d is the order of the differencing, and
q is the order of the moving-average process. If no differencing is done (d=0),
the models are usually referred to as ARMA(p,q) models. The final model in the
processing example is an ARIMA(1,1,1) model since the IDENTIFY statement
specified d=1, and the final ESTIMATE statement specified p=1 and q=1 [85].
A.1 Notation for Pure ARIMA Models
Mathematically the pure ARIMA model is written as




where t is indexes time, Wt is the response series, µ is the mean term, and B is
the back shift operator; that is, BXt=Xt−1, φ(B) is the autoregressive operator,
represented as a polynomial in the back shift operator: φ(B)=1-φ1B -. . .-φpB
p.
θ(B) is the moving average operator, represented as a polynomial in the back shift
operator: θ(B)=1-θ1B − . . .− θqBq. at is the independent disturbance, also called
the random error.
The series Wt is computed by the IDENTIFY statement and is the series
processed by the ESTIMATE statement. Thus, Wt is either the response series
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Yt or a difference of Yt specified by the differencing operators in the IDENTIFY
statement. For simple differencing, Wt equals to (1 − B)dYt. For seasonal differ-
encing Wt=(1−B)d(1−Bs)DYt, where d is the degree of nonseasonal differencing,
D is the degree of seasonal differencing, and s is the length of the seasonal cycle
[85]. For example, the mathematical form of the ARIMA(1,1,1) model estimated
in the processing example is
(1−B)Yt = µ + (1− θ1B)
(1− φ1B)at (A.2)
A.2 Notation for Seasonal Models
ARIMA models for time series with regular seasonal fluctuations often use
differencing operators and autoregressive and moving average parameters at lags
that are multiples of the length of the seasonal cycle. When all the terms in an
ARIMA model factor refer to lags that are a multiple of a constant S, the constant
is factored out and suffixed to the ARIMA(p,d,q) notation [85].
Thus, the general notation for the order of a seasonal ARIMA model with
both seasonal and nonseasonal factors is ARIMA(p, d, q) × (P, D, Q)S. The term
(p,d,q) gives the order of the nonseasonal part of the ARIMA model; the term
(P, D, Q)S gives the order of the seasonal part. The value of S is the number
of observations in a seasonal cycle. For example, the notation ARIMA(1, 1, 2) ×
(0, 1, 1)12 describes a seasonal ARIMA model with the following mathematical
form:
(1−B)(1−B12)Yt = µ + (1− θ1,1B − θ1,2B
2)(1− θ2,1B12)
(1− φ1B) at (A.3)
219
Appendix B
Labview programs to control the Nonlinear Test
Bed
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Figure B.1: Load motor control for acceleration test
221
Figure B.2: Hysteresis brake control for acceleration test
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